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THE 11TH WERNER BRANDT WORKSHOP ON
CHARGED PARTICLE PENETRATION PHENOMENA

Introduction and Overview

R. H. Ritchie

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, although it was my privilege to help in these and succeeding endeavors. Werner
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
smaUness 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 my colleagues and me 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

vii



The present Proceedings represents an unusually wide spectrum of topics when
compared with all excepting those of the celebratory 10th Workshop, held in January 1987
in Alicante, Spain. However, the freshness and interest of contributions to the present
Workshop more than compensated for the broad coverage. In addition, the stimulation and
excitement of exposure to the research of workers from other areas led to interactions that
may be important in the future.

The arrangements for this Workshop involved contributions from many people. Jim
Ashley, Harvel Wright, and Bob Hamm brought their considerable organizational skills to
the detailed planning and to the carrying out of the physical arrangements. Oakley
Crawford served ably in program-connected scheduling activities and Ms. Norma Kwaak
participated in most of these activities with her usual efficiency and dispatch.

viii



ENERGY LOSS OF A CHARGED PARTICLE

MOVING NEAR THE SURFACE OF A SUPERLATTICE

Godfrey Gumbst

Institut fur Festkorperforschung

der Kernforschungsanlage JQlich

D-5170 Julich, West Germany

and

Department of Physics. University of Leth bridge

Lethbridge, Alberta TlK 3M4 Canada*

ABSTRACT

In this paper, the surface response function g(q |{ ,w) is calculated for an array
of parallel two-dimensional electron gas layers (q |( is the wave vector parallel to the
surface and u/ is the frequency). Here, a point charge moves along a prescribed
path above the surface. The external potential generated by this charged particle
will give rise to an induced potential which outside the superlattice can be written
as a sum of evanescent plane waves whose amplitude defines the linear response
function g. It is implicitly assumed that the external potential is so weak that the
medium couples linearly to it. Of course, the function g(qipu;) is related to the
density-density response function. The energy transfer A E from the particle probe
is obtained by integrating the Poynting vector over the surface and over time. A
general expression for A E for an arbitrary particle trajectory is obtained in terms of
the loss function Im g(q|,,w) which is proportional to the power absorption in the
medium due to the external electric potential. Explicit closed form results for g are
presented for a multi-layered system. Numerical results for the energy loss have
been obtained for a single layer.

"^Presented at the Eleventh Werner Brandt Workshop on Charged Particle Penetra-
tion Phenomena, Oak Ridge. Tennessee (14-15 April 1988).

'Permanent Address



I. INTRODUCTION

The dynamical response properties of metal and semiconductor surfaces have
been the subject of much recent interest.1" In this regard, a useful experimental
technique used to study the response of a surface to an electromagnetic wave is
electron-energy-loss-spectroscopy (EELS). The electric field of the incident penetrates
into the medium where it can excite, for example, particle-hole pairs, piasmons and
phonons. In this brief report, I first define the surface response function g(q, ,w)
which plays an important role in the general formulation of the problem. I then
derive a general expression for the energy transfer A E from the external particle fol-
lowing a prescribed (classical) trajectory in terms of the imaginary part of g(Im g).
As a simple application, I calculate g for an arbitrary number of two-dimensional
(2D) electron gas (EG) layers forming a superlattice. I also consider in detail the
energy loss of a charged particle probe to a single 2D EG layer, simulating a thin
metal film evaporated on top of an insulating substrate.

II. GENERALIZED FORMULATION OF THE PROBLEM

In this section, I will review some basic concepts and derive an expression for
the energy loss. Assume that the medium occupies the half-space z > 0 and con-
sider a point charge e moving along a prescribed path r(t) outside the medium.
The external potential <ptxt satisfies Poisson's equation

« (1)

This has solution (for |z|<|z(t}|)

=/ d\n

where

with

*•>•„,(!,. .< - )« M | l i '*-"'">]<~qu *. (2 )

F{q_,,,u) = jdt, (4)

Here, q |( = i^A ) is a two-dimensional wave vector in the xy-plane parallel to the
surface. The external potential #ext(r,t) will give rise to an induced potential which
outside the slab (i.e., z<0) can be written in the form
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This equation defines the linear-response function g(qu,uj). Implicitly, it has been
assumed that the external potential is weak so that the medium responds linearly to
<t>txt. It is instructive to note that the function g(q |pu;) is related to the density-
density response function x of the material medium by

g(q,,,u;) =— / dz dz e e \{z,z ;jn,u/). (6)

?„ Jo J°
The quantity Im g(q „ ,W) can be identified with the power absorption by the

collective excitations which are excited by the evanescent external potential in Eq.
(2). The power absorption is obtained by integrating the Poynting vector over the
surface and over time.5 This gives

where <j> = ^tM + ^ ind is the total potential. Substituting Eqs. (2) and (5) into
Eq. (7) and making use of Eq. (2), I obtain after a fairly straightforward calculation

AE = — f d2
g[l f

0 dw—\F[qn,u;)\2Img(q]l^). (8)
AT2 J " J-oo qn

This is one of the main results in this paper. It has recently been obtained by
Persson and Baratoff8 in a different context. In order to proceed with a numerical
calculation, the trajectory of the projectile must be specified and the surface
response function has to be calculated. Before we present results for g of a layered
2D EG in the next section, I examine the result in Eq. (8) for particle motion
parallel and perpendicular to the surface.

Consider a particle moving parallel to the surface z = 0 at a height zo above
the surface so that z(t) = zo and x,, (t) = v,, t in the time interval (-AT/2, °AT/2),
where AT is large. It is a simple matter to show that, in this case.

^ 6(uJ-q_ll - s , , ) * 2 * " '". (9)

Substituting Eq. (9) into Eq. (8), one obtains

rf
If, however, the particle starts at a distance z from the surface and moves away
from it with velocity v£ along the polar z-axis. I find that after a long time the



energy loss is given asymptotically by

= — f #H Hdu- e~2'"'°-/mg(g „,<,). (11)AE

I now turn to a calculation of g(q M ,w) for an array of 2D EG layers.

III. A MODEL CALCULATION OF THE SURFACE DYNAMICAL

RESPONSE FUNCTION

In this section, I will calculate the surface response function g(q N ,w) for an ar-
bitrary number of 2D EG layers. It is instructive to first calculate g for a single
biplane since it would then be straightforward to extend the method of calculation
to a more general case. Let us consider a 2D EG layer located at z = 0 and
another at z = L, with a semiconductor or insulator having dielectric constant t in
the region 0<z<L. In calculating g, it is helpful to imagine that there is an in-
finitesimal vacuum region between each layer of 2D EG and the dielectric. From
the continuity of 0 and e d<p/dz, and the discontinuity condition

Tz Tz
where a is the charge on the 2D EG layer and is related to the single-particle, sur-
face response function x°{<\ ipw), in mean-field theory, by a = e2\°<p, we obtain

Here, g,(qirw) is the response function for a 2D EG on top of a semi-infinite
medium having background dielectric constant e. [x°(q., ,JJ) has been calculated by
Stern9 for the case when the electron bands are assumed parabolic and the frequency
w as an infinitesimal, positive imaginary part.] The function g1(q||,u;) is given by

g {q ,.-;) = 1 . (14)
l + € - ( 4 « 2 / * , , ) x 0 ( ? , | , u / )

Replacing \° ~' 0 in Eqs. (13) and (14), one obtains the well-known result for a
semi-infinite medium with local dielectric constant t (from Eq. (14)) as well as the
surface response function for a slab of thickness L whose surface profile is assumed
to be steplike. We obtain from Eq. (13).10



where

^ e Z-—\. (156)

Here g^ = ( t - l ) / ( e+ l ) is the well-known surface response of a semi-infinite (L
— oo) dielectric material. This formalism is indeed consistent with a calculation of

g(q n ,<*>) in the random-phase-approximation. Complete details will be presented in a
separate publication.11

Ey repeatedly applying the electromagnetic boundary condition to a series of
2D EG layers located at zp I obtain the surface response function for an arbitrary
number, N, of layers. The result is10

taMu-(l-ta)M21

taM12-{l-(a)M22

where the matrix M in Eq. (16) is a product of (N-l) T-matrices defined by

M = TN_2...T1T0 (17)

and

[ j (18a)

j j 2 = — f(i + e)(e - 1 + 2€o)e-«" di+ (1 - <)(« + 1 - 2*a)c*> di

7?1 = — f ( l - e ) ( « + I +2ca)e-"" di + {1 + t)(t - 1 - 2€a)t"' di] (18c)

if2 = — f ( l - « ) ( < - l + 2ea)e-«« -»+ ( l + « ) ( e + l - 2eo)e»'•

Here we introduced d/ = z / + 1- 2( and the layer polarizability a = 2re2x°/q,, .
The surfaces are at ZQ = 0 and z = L. There is vacuum in the region z<0 and
z>L.

The function K(q,|,o;) defined by

is a causal response function since both g(q( |,w) and g,,ab(L) are. Therefore.
K(q ,, ,w) satisfies the Kramers-Kronig relations



(w' ) - W J

where P indicates that the principal value of the integral is to be calculated. For
uniformly spaced 2D EG layers with spacing a between them, I have shown that in
the high frequency limit10'11

- , (21)

where

(e + 1)2 « inA( ? | | a)
( 2 2 )

In Eq. (22), u 2 = 4ffnse
2/(am*), where ns is the areal density of the conduction

electrons and m* is the effective mass of an electron. From Eqs. (20) and the high-

frequency expansion of K(qH,w) in Eq. (21), I have derived the two useful -,um rules

du> IJJ Im g(q (,<*/) = —ug (23)
2

/ duReK{q ,,!*;) = 0. (24)

In the following section, we present some numerical results.

IV. NUMERICAL RESULTS FOR THE ENERGY LOSS FUNCTION

OF AN INVERSION LAYER

Substituting Eq. (14) into Eq. (10), one obtains the rate of loss of energy of
an electron moving parallel to a 2D plasma sheet on a dielectric material. For this
case, one obtains the results recently calculated within the formalism of an inverse
dielectric function approach.12 For arbitrary particle velocity, the contribution to
energy loss can be attributed to particle-hole modes and plasmons. In Fig. 1. the
excitation spectrum for a 2D plasma is plotted as a function of wave number. I
have also shown the effect on the plasmon spectrum due to spatial dispersion of the
electronic wave functions perpendicular to the surface of the film. To illustrate this.



I used a single-band model for which the wave function is given by a nodaless
cosine function which vanishes on the surfaces. Another simple model for inversion
layer wave functions has been proposed by Fang and Howard.13 (See also Ref. 14.)

The single-particle density-density response function for a 2D EG is given by

d2ku / ( i n ) - A * n + i n )

(2*r
where f(k „) is the finite-temperature Fermi-Dirac distribution function and 7 takes
into account the elastic scattering of conduction electrons by non-magnetic impurities
in a phenomenological way. Usually, one takes 7 to be in the range 0.1 = 1.0
meV. In my calculations, I take 7 = 0.1 meV. I have evaluated the integral in
Eq. (25) at zero temperature for E(kn) « * 2 kn Z /2m* and obtained15

X°(i „ ,«) = - — - { a_ - 9(Rc a_) (aj - I)1'2

(26)

Here, 9(x) is the Heaviside unit step function and

a, = \1iu±{il2qn
2/2m*)+17 , (27)

where qF is the Fermi wave number.

In Fig. 2. I have plotted the loss function Im g(qn,w) for a 2D EG plasma on a
substrate with background dielectric constant t = 12. The conduction electron effec-
tive mass is taken to be m* = 0.1 me (me is the free electron mass) and the con-
duction electron density is set equal to ng = 5 x 1011cm"2. The Fermi wave num-
ber is qF = 0.177 (nm)'1 and the Fermi velocity and energy are vF = 2.051 cm
sec"1 and «F = 11.958 meV, respectively. The inelastic peak in Im g occurs at the
plasmon frequency. A detailed study of the plasmon and particle-hole contributions
to AE/AT is given in Ref. 10.

V. SUMMARY AND CONCLUSIONS

In this paper, I have studied the excitation of pJasmons and particle-hole
modes in a layered system by means of an external charge following a prescribed
trajectory. I have presented a set of basic equations for the energy loss in terms of
the surface dynamical response function g(q n ,w). In earlier treatments of the fric-
tion force and loss function generated by a charged particle moving above a surface,
an inverse dielectric function method was used. The present analysis discusses an



alternative method in terms of the loss function Im g which can be measured
directly using inelastic electron scattering from clean surfaces. *6 In this way, a com-
parison between theory and experimental data is possible. g(q|(,u;) enters the inelas-
tic scattering probability because it determines the induced electric field outside the
medium and it is this time-varying field that can scatter the incident electros
inelastically.16 The structure of g is constrained by exact sum rules.

Finally, I point out that the surface response function also enters many other
important problems in surface science. For example, g(q,nuj) determines the tunnel-
ing of electrons from a sharp metal tip to a conducting surface8 (which is relevant
to the scanning tunneling microscope) as well as between two semi-infinite electrodes
separated by a potential barrier, g also determines the van der Waais interaction
between an atom and a surface.17
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FIGURE CAPTIONS

Figure 1 The particle-hole continuum and plasmon dispersion curves for a
2D EG (dotted curve) as well as a quasi-2D EG in a square well
of width 10 nm (dashed curve), 20 nm (chain-dot curve) and 50
nm (chain-dash curve). The results were obtained in the RPA.
For the quantum well, only the lowest energy level was assumed
occupied by electrons and all other energy levels were neglected.
The surface of the quantum well was taken to be an infinite
potential barrier and the electronic wave function used was (2/d) lyr :

cos (rrz/d), where d is the width of the well. I have taken e =
12, m* = 0.1 me and n$ = 5 x 1011 cm"2.

Figure 2 Plot of Im g(q,,,w) for a 2D EG for which the surface response
function is given by Eq. (13). The frequency variable on the
horizontal axis is dimensionless and given by iiu/(F, The sample
parameters are the same as in Fig. 1. q M /q F = 0.1 and 7 = 0.1
meV.
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Image states represent a very simple and fundamental class of surface

states which might be very useful to study the two dimensional (2-D) electron gas

[1]. Intensive work has been done directed to understand the properties of such

states in different surfaces [2]. In materials with a small dielectric constant, like

Helium, the binding is weak (-meV) and an unstability of the 2-D electron gas

developes when the density is increased [1] . In metals the binding is stronger

(«0.7eV), but a problem arises because the energy halfwidth of these states due to

decaying into bulk states (interband) is too high and comparable to the one

associated with the loss of parallel momentum within the band (intraband) [3]. In

insulators, such as diamond or LiF, relatively strong binding appears and escape

outside the band into bulk states is prevented by the electronic structure.In these

conditions it is possible to think in the possibility of filling a 2-D electron band. The

remaining problem should be the experimental procedure to fill efficiently these

states.

In this work we have calculate the halfwidth of the first image state of an

electron at a vacuum-LiF surface using a self energy formalism. For LiF we used the

following response function:

e(o>)= e.+ (eo- e J — 1 (y -* 0)

with E M = 1.92 , e = 8.65 and co,. = 0.038 eV .

The halfwidth of the state with finite parallel momentum, k_, calculated from the

imaginary part of the self-energy is given by:

• oa v f* k o l e l n > I 2

-= -j.{ Ao - AJ 2 , J dQ e(lC-2(H).+^-En)) (1)
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where Q + (.} = kp + (-) ^/kj - 2

0(x) is the unit step function

1+ £„ 1/2

1 + £ -

and I n > are the states describing the perpendicular motion with

energies En . The main contribution comes from the first term (n=0) but we have

also calculated the second term(nsl). The binding energies of the first two states

have been calculated variationally [4] using hydrogenic trial wave functions. In

figure 1 we have plotted the image potential of the electron outside the LiF surface.

The results obtained for the half width of the first image state are shown in Table 1.

r i n t r a /2 is obtained from the first term (n=0) in Eq. (1) and r i n t e r /2 is obtained from

the second. r*ntra/2 represents the contribution to the halfwidth of the state from

transitions without change of state in the perpendicular motion (intraband). The

minimum parallel momentum required for this transition is lc_o=(2cos)
1;r2 and it is

about 0.13 A"1 . The interband contribution is much smaller and in any case it is

ccmpletly compensate by the opposite transition (if the first excited state is

populated). The results obtained show that if we could populate the first image state

electron band until k=0.13 A*1 we should have a density of about 1013 cm"2 enough

to think in a 2-D quantum electron gas [5].
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TABLE 1: Halfwidths of the first image state (in meV) for different values of the
parallel momentum k_ (in A'1). I*00/2 is obtained from the first term (n=0) in Eq.(l)
and r o l /2 from the second (n=l).

fcp (A*1)

0.15

0.17

0.19

0.28

0.38

0.76

ro o/2 (meV)

51

61

65

72

71

60

T01/2 (meV)

0

0

1.2

0.6

0.4

0.3
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The correct interpretation of vacuum-tunneling experiments achieved with the scanning
tunneling microscope (STM) * makes it necessary to know about the effective potential barrier that an
electron leaving the surface sees . A variety of semiclassical and quantum-mechanical approches are
available to calculate die attractive potential between an external charged particle and a semi-infinite
polarizable medium^', but local effects are not negligible for the distances of interest, and a simple
local formalism cannot be applied, either, so it is necessary to include, at the same time, local and
non-local correlations effects. Consequendy, the determination of this potential barrier is a difficult
task and it remains an open problem. Recentely some work has been performed^ going beyond the
local density formalism (LDA).

The tunneling current in a metal-vacuum-metal junction is very sensitive to the detailed form of

the potential barrier between the electrodes, and specially sensitive are the positions of the

transmission resonances which occur in the region close to the metal-vacuum interface where the

momentum of the electron can be real, so the tunneling electrons can serve as a probe of this

surface-interaction. Indeed, the STM has been used to study the distance-voltage characteristics

(d-Va) in the constant current mode, and tunneling resonances, mat is, peaks in the dJ/dVa curve

have been observed in recent experiments^, as predicted by Gundlach .̂

Thus, in order to estimate the shape of the potential barrier that electrons feel when they tunnel

the vacuum region, we have carried out theoretical calculations of the dI/dVa- Va characteristics for a

W(l 10) tip on a AU(110) sample when the following parametrized potential barrier*" is considered:

V(z>

UT

AL

ARe°

d-z
I)
d (1)
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referenced to the W vacuum level, where A ^ . B ^ R and B g are determined by matching V(z) and

its derivative at the image planes z=0 and z=d * ̂ '^. U^, F^ and U R , F R represent the values of

the bulk inner potentials and the work functions of the tip and the sample, respectively, and Va , the

applied potential, y represents the Euler's number, and *F(x), the digamma function. Unless

otherwise stated, we use atomic units throughout.

The quantities X^ and AR determine the range of transition from the vacuum potential to its

value in the bulks, and m tells us about the dependence of the height of the barrier on the d distance

between the image planes. Athough the dependence of the resonances in the transmission probability

on the X^ quantity is negligible, the quantities Xj^ and m play an important role in the determination

of the structre of the observed oscillations in the dI/dVa-Va characteristics.

Thus, we have fixed the quantity XL and considered the quantities XR and \i as two physically

meaningful adjustable parameters. In figure la and lb we show the model barrier of Eq. (1), where

we have simulated the electrodes by means of a jellium model with O^a4.68eV, <J>g=4.3eV,

EYU^-OCV, E^^^S.SCV, Va=3.8v, d=10.2A and A ^ L O t y ' 1 (ao=O.529A), for the parameters

A.jjsl.laQ"1, *i=-0.5,0.0,0.5,1.0, and XR=0.7,0.9,l.l,1.3aQ"1, ji=0.0, respectively. Notice that in

the tunneling region, far outside the image planes, the potential barrier of Eq. (1) converges to the

potential due to the first image charge induced in each electrode when JJ.=0.0, to the full classical

image potential ̂  when H=1.0, and to the approximated image potential of Simmons1 4 when

H=0.66. Furthermore, this parametrized potential barrier is consistent with the theoretical

quantum-mechanical potential barriers calculated in the literature using local and non-local density

formalisms .

The experiments have been performed with blunt W(l 10) tips of about 20-30A* radius, so that

we consider the runnel barrier of Eq. (1) between two plane electrodes in the jellium model. With the
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aim of obtaining the d-Va and dJ/dVa-V*a tunnel-characteristics observed in STM experiments on

Au(l 10), we have solved numerically the Schrodinger's equation of the electron tunneling the

potential barrier specified by (1), with different values of the parameters XR and p, and calculated

the current density given by the integral:

E -eV. 0
1

where m and e are the electron mass and charge, respectively, h is Planck-s constant, and T(EZ) is

the electron transmission probability through the tunnel barrier in question as a function of the

incident electron energy IL, perpendicular to the surface. In figure 2 we present calculated results for

the d-Va and dJ/dVa-Va characteristics with the parameters A^-LSaQ"1, u,=1.0, for J=0.1nA/A2,

together with the experimental results given by Becker et al** for I=lnA. The agreement is quite good

in the peak positions, but not in the shape of the first peak and in the decreasing slope of the

background.

On the other hand, we know very little about the effective tunneling area and work functions,

so that we have performed several theoretical calculations of the dJ/dVa curve with different constant

current densities and work functions. However, both the shape of the first peak and the decreasing

slope of the background cannot fit the experimental data, unless we consider some kind of

dependence of the parameter m and the effective tunneling area on the d distance between the image

planes.

As a matter of fact, theoretical quantum-mechanical calculations^ lead us to admit a dependence,

for little distances, of the parameter m on the d distance; this dependence could explain the fact that

die shape of the first experimental peak cannot be fitted for any constant value of m. On the other

hand, the dependence of the tunneling effective area on the d distance could explain the disagreement

between the slope of the background obtained theoretically and experimentally when the theoretical

results are achieved keeping constant the current density, instead of the total current. Consequently,

it seems necessary to consider in our model the dependence of these quantities on the gap-distance.
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Work in this direction is now in progress.
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Figure Captions

Figure 1. a)Model barrier of Eq.(l) with \L=1.0aQ~l,XR = lAaQ~l, and ]i=-0.5

(dashed dottcd-dotted-dotted curve), ji=0.0 (solid curve), (1=0.5 (dashed

curve), n=1.0 (dashed-dotted curve). Also shown is the classical image potential due

to the first image charge induced in each electrode (dotted curve). b)Model barrier of

Eq.(l) with XL^l.Oao"1, XR=0J&Q-1 (dashed-dotted curve), \gs

(dashed-dotted-dotted-dotted curve), XR=1.lag"1 (solid curve), Aj^l.Sag"1 (dashed

curve), and |i=0.0. Also shown is the classical image potential as in figure la (dotted

curve).

Figure 2. Calculated results of d and dI/dVa plotted against Va for the model barrier of Eq.( 1)

(solid lines), with A.^=1.0aQ~^, Xg*1.3ao~* and ii*1.0. Also shown are the

experimental curves obtained by Becker et al for 1= lnA (cross points).
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ELASTIC AND INELASTIC INTERACTION IN STEM
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The recent development of the Scanning Transmission Microscope (STEM) has stimulated
the interest in the interaction of high energy electron beams with small panicles and surfaces.
When the geometry of the target is simple enough, it is useful to describe the target, in the frame
of the classical electrodynamics by means of a dielectric function e(co). Electrons in the beam can
be described as classical point particles*1"6*, or by a quantum wave function^ In the classical
approach one studies the interaction of the electron with the field induced by itself in the target.

SELF ENERGY FORMALISM.

The self-energy formalism includes a quantum description of the beam. All the information

about it is given by the wave function of the incoming electrons Yo , and the energy of this state

EQ. In this case the energy loss rate yis obtained from the incoming particle's self-energy

«, m
<o+Eo-Ef+io+

(D

y = - 2 I m Z

In these expressions W(r,r\co) is the Fourier co-component of the screened interaction, and it
contains all the useful information about the target: i.e. its geometry and e(co).

In the case of Energy loss, this formalism allows us to study the effects of spatial extension
of the beam, by means of an adequate choice of the wave functions. In the case of well collimated
beam, if recoil terms are neglected, we obtain the same result that the one obtained using classical
dielectric theory.

ENERGY LOSS IN SPHERES

For the case of a classical particle traveling at impact parameter b outside of a sphere of

radius a: coated with a spherical layer we obtain for the energy loss probability^
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00b
—) (2)

f.=- (3)

where t>m>0 Expressions (1) have been calculated for the case of penetrating trajectories^'

The influence of the spatial extension of the beam has been studied, in the self-energy

In general it is necesary to go to high 1 terms to get a good convergence of the multipolar

expansion, or to detect coating. The dipolar approximation is only valid when the electron goes

across very far from sphere (<abv"1»l) or for very small spheres (coav'1«l) .

In figure 1, we show the probability of lossing energy co as a function of the reduced impact

parameter (at a fixed range of <fl around the surface plasmon energy). The agreement with

experimental values is good.

In this way it is posible to study the correction to the bulk plasmon excitation probability due

to the surface when an electron incides axially over the sphere. In figure 2 we have ploted this

correction versus the radius of the sphere, for aluminium spheres. For big radii, this term tends,

to the slab value P<u **K/2V, obtained by Ritchie. Oscillations in Pen. may be interpreted as due to

longitudinal quantification of plasmons of wave length X=2JTv/<ap. Experimental data reported by

Batson(9) present similar oscillations. The dependence of the oscillations with the beam size is not

explained by the longitudinal quantization quoted above. It has been suggested that in order to

explain such dependence, one has to take into account the possibility of transverse quantization of
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the plasmon field. A more experimental information is necessary to clarify this point. Also a

study of the same problem on a thin slab could bring some light

ENERGY LOSS IN CYLINDERS

The energy loss spectroscopy for target with cylindrical geometry are useful in order to study

holes and damage effects produced by STEM in extended targets*10"12'.

7TV stfo

Where

- 2 2 ] ro < a (4)

Im(A)rm(A)(e-l)
(5)

Relativistic Axial r = 0
o

(6)

yy

Results for coated cilinders appear in references (11-12)
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DEFLECTION FORCE

The deflection of the electron beam has been observed for cubic targets of MgO and Au.

when the beam travells parallely to one of the faces of a cubic target <13-14).

The deflecting force per unit length has been calculated for an infinite planar surfacc(15)

A8
Ft

1 1 - 1 0 rads. (7)

The deflected angle is 3 orders of magnitude smaller than the those of references (13-14). In

this approach the interaction when the electron is out of the planar region has been neglected. In

order to take into account this effects we have calculated the deflection bya spherical target*16'

SPHERE

A9

2-5
oin

when K'm(x) indicates derivative with respect to x, Re(x) is de real part of x, and

Figures 3 and 4 show the dependence of this angle with the sphere radius a, for constant
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values of the reduced impact parameters b-a for the case of a metal (Al) (figure 3) and an insulator

(MgO) figure (4). Values are of the same order the magnitude that those obtained for the planar

case.
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EXCITONIC INTERACTION IN GaAs/GaA£As

QUANTUM WELLS
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Calculation of excitonic states in GaAs/GaAJLAs quantum wells is

applied to analyze the anti-crossing energy levels of observed data of

2s-light-hole and Is-heavy-hole excitons. It is shown that the difference

of the energy levels is determined by the excitonic interaction proportion-

al to the population of the excitons. Various sets of parameters in the

literature are used to compare with the data.
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I. Introduction

Recent experiments for multiple-quantum-well-structure (MQWS) by Vina,

Collins, Mendes and Wang show the energy levels of excitons in the pres-

ence of an external electric field. In addition to the level of the

excited states, anti-crossing of the states of light-hole-electron excitons

(£h-e-e) and heavy-hole-electron excitons (hh-e-e) is observed. Although

similar experiments were carried out for the excitonic ground states , the

new data on the excited states and the anticrossing reveal the interaction

of two excitons as our calculations show in this paper. In addition to

this main objective, we will analyze the data in terms of the density of

2 3 4
excitons and the different parameters in the literature. ' '

There are numerous theoretical works on the energy spectra of excitons

in MQWS ' . A complete calculation involves the following features a)

finite well depth, b) multiple-wells, c) Coulomb interaction, d) hybrida-

tion of the light-hold and heavy-hole, and e) the external field E . When

E = 0, Chang et al. have done elaborate research on the excited states,
6X

in z-direction, perpendicular to the well. The variational calculation

requires completely new schemes for each excited state, and it becomes very

complicated. As a matter of fact, Green et al. did the calculation for

the excited states also in p direction, parallel to the lattice without

taking b), d), and e) into account.

When £ * 0, Matsuura and Kamizato solved the Schrb'dinger equation

for excitons in one infinite well, using the exact wave function for a

given E then treating the Coulomb interaction variationally. In view of

our calculations which show the importance of the finite and multiple

wells, the calculation of Ref. (5) should be improved. Our main work is to

address the experiment in Ref. (1) by using a more systematic computation
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scheme. The electron and hole wave functions, using the multiple well plus

a part of the Coulomb interaction in the transverse direction are computed

and used as the base. The perturbation that consists of the external field

and the remaining Coulomb potential is treated exactly. First, the matrix

elements of the perturbed part are numerically evaluated, then the matrix

of the total flamiltonian is diagonalized to obtain accurate results. The

procedure is described in the next section. Then we show how the

intersection of two independent excitonic states becomes an anti-crossing

when the interaction is considered.

II. Calculation

We first obtain the eigenstates of the hh-e-e. The total Haniltonian

H, of an electron and a heavy-hole, consists of the unperturbed part H and

a perturbation H1 defined as follows; H * H + H'

Ho = h o ( p ) + h ( z e ) + h ( z h )

where

hQ(p) * - ^ u ^ ) " 1 p"1 3/3p (p 3/3p) - e'/e'p (2a)

h(z ) - -(2m T 1 (32/3z 2) + V (z ) (2b)
e e e e e

h ( 2h } " -(2mhh)'1 <8a/3^a) + Vh(zh) (2c)

In Eq. (1-2), h is the Hamiltonian of the electron heavy-hole pair in

the relative coordinate p with reduced mass Uuh- The unit that fi = 1 is
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used and the Coulomb interaction in p direction is included. h(z );

(h(z,,)) is the finite potential well for the electron <heavy-holel The
nil

dielectric constant e1 in (2a) should be the true dielectric constant e for

small Lattice dimension L. However, our experience in Ref. (6) indicates

that as L becomes larger there is an optimal value for e'(L) to separate H

into two parts for minimization of the energy level, E = 12.5 and e1 = 20

are used. H' then is the difference of the exact Coulomb interaction and

-e2/e'p, in addition to the external field,

H« = e2/e [(e/pef) - [p2 + (z& - z j 2 ] " ^ + eEex(ze - zj

= h + h (3)
re ex

where E is the strength of the external field. H can be solved easily.

(E(n ) + E(ne,

where the wave function in p, z and z are solutions of the Schrodlncer
en

Eq. (4), <j>f = RZ Z. and

hQR(p) = E(np) R(p) (5)

h(ze) Ze(ze, ne, ke) = E(ne> ke) Z j z ^ a,, k,) (6)
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A similar equation holds for Z, . The quantum numbers n , n and n, are

discrete, while k (k. ) form a continum and are introduced for the

Kronig-Penney model in the treatment of the multiple-well structure ' .

Unfortunately, this set of eigenfunctions consists N wave functions,

where N is the product of the number of states in three variables in p,

z and z, times square of the number of the well. How to minimize these

four numbers for accurate results depends on various parameters. For

example, the number of the wells should be larger for the thinner barrier

and wall to provide tunneling while large £ requires more states in z

and z, including those in the continum. Since they cannot be specified

without a set of fixed parameters, we will concentrate on the experimental

situation in Ref. (1). The calculation for the £,h-e-e is similar except

the difference in the parameters.

When the £h-e and hh-e pairs are assumed to be non-interacting, then

the total matrix for the combined system of £h-e and hh-e is a direct

product of two individual matrices,

lHf,f " Elih-JHf.f

where

Hf.f' = 6 f , f ( E ( l V + E ( l V + E ( n e ) } + H 'f f •

and the off-diagonal part H1, - similarly defined by the £.h-e and hh-e, and

f stands for the combin

defined in Eqs. (5, 6).

f stands for the combination of five quantum numbers (n , n , k , n , k )
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In this specific case, we take two states in p, Is, 2s. This amounts

to taking two variational parameters in p-tiirection whereas in z-direction

we take 4 states. The addition of more states in both directions does not

improve the results. Although the interaction of nearest neighboring wells

are taken into calculation, only the lowest state for each band (k = k, =

0) is used. The computation involves the diagonalization of 32 x 32

matrix.

The calculation of the eigenvalues of |H- _, - E| in Eq. (7) is

carried out for the energy levels of £h-e-e, E. formed by a 2.h-e pair

and EV by a hh-e pair, are shown in Fig. 1 with the results for different

2 3
sets of parameters. ' A comparison of the calculation and Ref. (1)

indicates that the parameters in more recent literature are better; the

difference E- - E_ is 1.5 mev at E * 0 and they are equal at E =1.7

kev/cm. The experimental data are about 2 mev and 1.6 kev/cm, respective-

ly. The cross of these curves become anti-cross when the interaction

between the two states is introduced as discussed in the next section.

III. Excitonic Interaction

Our calculation shows that when the interaction 2s-£h-e-e and

Is-hh-e-e is neglected, E, = E_ at a certain point E = 1 0 V/m = E .

Is 2s ex o

The observed anti-crossing between &h-e-e and hh-e-e, suggests that they

are strongly interacting at E . As a result, we write down the

dipole-dipole interaction (dd) between S.h-e and hh-e pair as

Hdd - ' W e * dZh-e/£ro3 (9)

where d,, = e < z - z. >_ , d., = e < z - z. >. are the expectation of
nn~e e n zs tn-e e n is

the dipole moment in z-direction of the hh-e and th-e, respectively, r is
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the inter-exciton distance taken to be a constant through the calculation.

The p part of the dipole-dipole interaction also is neglected. In order to

treat H,,, the base wave functions have to be expanded in terms of the

product of <b., x <*,, and H,, generates off-diagonal matrix elements for
£,n-e nn-e dd

the two matrices in Eq. (7). The matrix then is twice enlarged. However,

the eigenvalues of Eq. (7) are well separated. The off-diagonal matrix

elements <Hf]f}
> are very small and are not important except for the case

when degeneracy occurs at two states E, * E_ in Eq. (7) when E = E in
° Is Zs ex o

Fig. 1. The problem can be drastically simplified by consideration of only

these two special states, ls-Hh-e-e and 2s-hh-e-e, at E = E . In this

case, the two eigenvalues E^ and E_ are changed to the energy levels of

a coupled system of ih-e-e and hh-e-e defined by E in

ls
- FE <Hdd>

<Hdd> 2s - i
E

(10)

The curves for E.. and E_ in Fig. 1 become two E values in Eq. (10). Only

a small region E is effected as shown in the insert. The magnitude of

the difference between two eigenvalues E. and E_ in Eq. (10) is

AE ,,> = 2n
dd o -e hh-e (11)

where n = r is the density of excitons, <d> can be actually calculated

by using the wave functions in Section II, and the result is
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<d>J{; = 21A <d>Jf = 5A (12)
£h-e hh-e

4
in the region E ^10 V/cm.

It is interesting to note that Eq. (11) relates AE and the density of

excitons. Substitution of the calculated values from Eq. (12) and the

1 °

experimental value of AE = 1-0 meV, yield a value of r = 75A which is

reasonably greater than the dipole size as expected. Whether or not the

calculated density is reasonable and consistent with other information

remains to be studied.

In summary, a systematic calculation scheme is applied to obtain E
sx

dependence of the energy levels of various excitonic states for analysis of

the recent experimental data. Our study shows the observed anti-crossing

in the energy levels can be explained by assuming an excitonic interaction.

The parameters in the literature can be tested and the magnitude of the

separation of the energy levels is related to the density of the excitons.
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Figure Caption

The energy level E_ (solid lines) and E.. (dashed lines) as a func-

tion of the external field strength E using various parameters: Upper
cX

and lower curves are based on Refs. (3) and (2), respectively. The cross-

ing region in the square is replaced by the new results in the insert (+++)

when Eq. (9) is included. Note that the energy level is measured from the

bottom of the well in this work.
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Abstract

Within the framework of the general self-energy problem for the

interaction of a projectile with a many-body system, we consider the

dispersion force between two atoms or between a charge and an atom.

Since the Born-Oppenheimer approximation is not made, this is a user.

approach for exhibiting non-adiabatic effects. We find compact

expressions in terms of matrix elements of operators in the atomic

displacement which are not limited by multipole expansions.
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There are many instances in physics where one wishes to stud" the

interaction of a projectile with a many-particle target. In fact the

projectile itself may also have a composite structure such as the case

of an atom or molecule. It is often extremely useful to reduce this

inherent many-body problem to an effective single particle problem,

usually expressed as a function of the center-of-mass coordinates of the

system.

Examples of such systems include the interaction of a charge 0 with

a conducting surface, in which case the long-range interaction is

described by the classical image potential in the distance z from the

surface

V(z) - -Q2/4z (1)

For an atom or molecule interacting with the surface the corresponding

interaction is given by the Van der Waals potential

V(z) - -C3/z
3 (2)

In this paper we wish to discuss the interaction between a charge and an

atom where the long range potential in the separation distance R is the

polarization force term:

V(R) - -OQ 2/R 4 (3)

We also address the closely related problem of the interaction berveen

two atoms, which at large distances is the Van der Waals dispersion

potential

V(R) - -C6/R
6 (4)

A time honored method for treating such complex problems which has

been extensively applied in solid state physics is to reduce the many

body problem to the solution of an effective Schrodinger equation with a

non-local potential operator called the self-energy '
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The potential u(r) includes any local potentials which are treatable

separately from the non-local self-energy Z (£»£'» Eg) • This can be

further forced into the form of a local Schrodinger equation by

imposing the foliowing condition:

drr (6)

This leads to an effective Schrodinger equation in the self-energy Z«(£)

of the form

— 72 + u(£)
2m

(7)

We note that the nonlocal self-energy depends on the energy of the

system, while the local self-energy of Eq. (6) depends not only on rhe

energy but also on the initial state i|in(r)

Wa have developed a method for determining a self-energ?/ which,

although somewhat different from that of Refs. (1) and (2), is much

simpler and in many cases leads to equivalent results. The method is

based on perturbation theory, and in particular on the energy shifr of

an unperturbed state of the sytem,
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| |
AE - Z + ... •=)

I E. - EA _ 15

where an unperturbed state \i> is of the product fora

with <t>Al) a center-of-mass spatial wavefunction, \l> is the internal

state of the projectile and |n > is the many body state of th = target.
At

The energy shift can be rewritten as the integral over the lczsl

self-energy weighted by the probability of finding the systen in the

initial center-of-mass state

jdr 4>Q(£) S
0 C £ ) $Q(I) ^:0^

Comparison of Eq. (10) with Eq. (8) leads to our definition cf the

self-energy. This self-energy is in general complex. The imaginary

part can be subdivided into a conservative and a nonconservarive psrt.

The nonconservat ive part can be used to describe real transitions and

4)
energy exchange in the system.

We consider here the application of this method to the interaction

of two atoms or of a charse with an atom. We begin by discussing

the interaction between two hydrogen-like atoms, and the case rf a

charge interacting with an atom will be shown later to be ver- similar.

For simplicity, we neglect exchange. The unperturbed system rf two

isolated atoms has an eigenstate consisting of the product of TWO atomic

functions and a momentum function in the relative coordinate ? between

their centers of mass

jj) - |n.>|£ >$.(R) - |n.£.><j>.(R) CD
J J J J J mi
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The momentum function is a plane wave <j>. (R) « exp(iQ..R) and rhe

unperturbed energy is

where e. and e are atomic energies measured from the erour.d state and

j j

U is the reduced mass of the two atom system

If r, and r_ are the respective atomic displacement operators, the

perturbation contribution to the Hamiltonian is

- 4 < i
H - Z (-ir|R-Rj {14)

i-1 ~

with the R. given by

Rj - r^/duj+l) + m2r2/(m2+l)

- -m^/Cm^l) - r2/(m2+l)

- r./(m2+l)

The R above are expressed in center-of-mass coordinates and rhe four

terms in Eq. (4) correspond to the four different potential rsrnis

arising from the interaction of the elecrron or nucleus of or.e atom with

the electron or nucleus of the other atom.

The lowest order contribution to £-(R) comes from second rrder

perturbation theory and is given by
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<fr.(R} <00|H |n.i.>(j|H |0)
E*(R) - Z -J 3-3 (16)

J *0(R) Eo-E.

The matrix elements represented by angular brackets < > ar= taken with

respect to atomic states only, while those represented by ' ) include

also the state of relative motion, as shown in Eq. (11). After Fourier

expansion of the perturbation (14), the matrix elements c=r. be partially

evaluated to put the self-energy in the form of a sum over atomic matrix

elements of generalized atomic operators

Zg(R) - jpr Z Z <OOJH iin><n£[l[00> (17)
in

where

I « Z (-1)1 J (dQ/Q2)e < e
1 +

s
n
+ [ QJ~ (V2> 1/2u)~" (18)

If we now make the lowest order expansion in terms of the parameter R./R

all results obtained previously for two atoms interacting in the dipole

limit are recovered. For the case of identical atoms this asymptotic

form is

i !Q,J 2 f i 6 k
z 00 : T Z = 5 ! l + 2
u R°

R° f.jz (e. + e ) I (m+l)(e. + e ) R
t g i g

48k 2 1

(m+l)2(e- + E ) 2 R2 ' (19)

where Q- is the combination of atomic matrix elements

Qfe - 2<f !z],|0><g|22|0> - <f |x1|0><g!xo|0> - <f|y1|O><eiy- 3> (20)

The leading term is the familiar Van der Waals contributicr., the nest

term is a conservative imaginary contribution ' , and the renn in k
c

is the well known first non-adiabatic correction.
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Evaluating the operator of Eq. (18) for a general relative momentum 0

of the unperturbed system is straightforward but leads to complicated

forms. However, many features of the general problem can ;e illustrated

by looking at the special limiting case of two atoms with -o relative

motion, Q "0. Then all integrals can be readily evaluated to give the

self-energy in the fora
-a:R-?..

lJ(R) - - I I - <00iH'|£nxjinjH' - I (-1)1 — - j 00> (21)

where a2 - 2U|E +E I. The terms exponentially decreasing in R in the
£ n'

second matrix element of (21) are due to the quantum mecha-ical recoil;

specifically, they arise from the term in Q2 in the denominator of Eq.

(18). For large R Eq. (21) becomes the familiar London frra of the 1/R

van der Waals potential as is evident from Eq. (19) above- Further

discussion of Eq. (21) is perhaps best deferred until we obtain below

the corresponding expression for the charge-atom case where the results

are somewhat simpler in form. We note in passing, however, that I (X)

is finite as IU0.

Moving now to the interaction between a hydrogenic at™ and a

charge of unit mass, the unperturbed eigenstates are producrs of a

single atomic state and the relative momentum wave function. The

perturbing potential is

2

Hq - Z (-D1 JR-L. | (22)

i-1 1

with

L± - - r/(m+l) ; L, - mr/(m+l) (23)
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where r is the atomic displacement operator and R is the vector joining

the charge to the center of mass of the atom. The self-energy is again

defined by Eq. (16) and can be put in a form similar :o the atomic case

of Eq. (17)

Zq(R) » i-7 I <0|Hq|n><nll'|0> (24)
o — 2ir ' ' ' '

n

with the atomic operator I' given by

1 - f (d£/q2)e z exp(-i2-Li)(en - U Q . ^ - C " : ^ ) "
1 (25)

where the reduced mass in this case is

u - (m+l)/(m+2) (26)

Again the integrals in Eq. (25) can be carried out for all values of 0

but this leads to some lengthy and cumbersome equaticr.s. The case of

zero relative motion, Q »0 leads to a simple expression in compact form

similar to Eq. (21):

-b R-L.

2 . e X

2q(R) - - z —— < 0 IHq In >< n!Hq - I (-1)1 JO > (27)

2
where b * 2u Ie !. As was pointed out for the case cf Ea. (19), when

q' n

Eq. (24) is developed in an expansion in large values :f the separation

distance R, one recovers all previously obtained resulrs for the

multipole series! beginning with the lonr: range polarization potential
4

which behaves as 1/R . However, Eq. (24) gives us the compact form

expression from which the asymptotic multipole expansion can be derived.

Of interest here is the fact that the interaction self-energy is finite

in the limit of snail separation, as should be the case for quantum

mechanical systems. Two interesting limiting cases cz~ be readily
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evaluated. For the case of positronium interacting with a charge of

unit mass we have m»l and the self-energy for R-*-0 is zero. On the other

hand if the mass m is very large we have

Z«(0) > -m , (28)

The self-energy at the origin diverges with the mass in this semi-

classical limit.

We have considered here the self-energy for ar atom interacting

with another atom or with a charge. We show that the self-energy can be

expressed in terms of matrix elements between unperturbed atomic states

of closed form operators in the atomic displacement. This result in

itself is of interest because it gives a compact form from which the

well known asymptotic multipole expansion at large separation distances

can be obtained.

Since these calculations were carried out without imposing the

Born—Oppenheimer approximation, the non-adiabatic and recoil

contributions are present. Recoil effects are manifest at small

separation distances where they cause a saturation of the self-enerzy to

a finite value. The range over which these saturation effects occur can

atomic excitation energies, of the order of a few acomic unit if the

charge is an electron. For the case of interactions between two

ordinary atoms these recoil effects are totally nesligible due to the

large reduced mass. However, if one or both of the atoms is a

positronium atom, the reduced mass is of the order jf that of an
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electron and the range of the saturation effects 2iven by

a - /2y(e. -r e ) is again of order of a few atonic units. The
i. n

saturation to a finite energy is a reflection of rhe fact that in

interactions with a quantum-mechanical atom of finite mass both the

nucleus and electron must be viewed as charge cicuds and the self-energy

is just the interaction energy of the corresponding overlapping charze

distributions.
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Review of convoy electron phenomena*

I. A. Sellin

University of Tennessee, Knoxville, TN 37996
and Oak Ridge National Laboratory, Oak Ridge, TN 37831

This brief review emphasizes sharp distinctions between
convoy electron production phenomena observed for light ion
projectiles (Zp - 1, vp - 1 au) traversing solid targets with
those observed for heavy ion projectiles (Zp > 10, vp > 10 au).
The relative importance of bulk and surface production phenomena
for Che two cases are discussed in the context of corresponding
experimental data. Data concerning an enhanced transport length
observed for convoy electrons accompanying the penetration of
fast, heavy ions through solids are discussed, and used to set the
stage for a corresponding theoretical discussion of the stochastic
perturbation of Coulomb orbits in solids, the subject of a
companion theoretical discussion by J. Burgdorfer.

The production of free electrons ejected in ion-solid collisions with

electron velocities ve close to the emergent projectile velocity v« has been

studied in many laboratories.^- These so-called convoy electrons populate

low-lying continuum states of the projectile. Their velocity spectrum

recorded for emission into a forward cone with half angle 6O (typically

between one and a few degrees and centered about the forward direction.)

shows a cusp-shaped peak centered at vp. In ion atom collisions cusp-shaped

distributions are observed for both binary electron-capture-to-continuum

(ECC) and electron-loss-to-continuum (ELC) events. ECC cusps for heavy

ions are strongly skewed towards lower velocities and have full width half

maxima which are roughly proportional to vp. When loosely bound projectile

electrons are available ELC cusps are observed which are instead nearly

symmetric with widths which are almost independent of vp. Convoy electron

cusps produced in heavy-ion solid collisions at MeV/u energies exhibit

approximately velocity independent widths as well. The cusp shapes are very
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similar to those observed for El.C cusps as can be seen in Fig. 1 which

displays typical velocity distributions for ECC, ELC and convoy electrons.

Several mechanisms for the production of convoy electrons in ion-solid

collisions have been proposed, some of which are ECC, ELC, capture to a

high-n state quickly followed, by ELC with near unity probability, and the

ejection of wake-riding electrons into the projectile continuum.^ Recent

heavy ion experiments strongly support the close kinship between convoy

electron production and binary ELC, which is already indicated in Fig. 1.

In a detailed measurement of doubly differential angular distributions Berry

et al. found an anisotropic electron distribution which is highly aligned

transverse to the beam axis. Such a distribution is characteristic for the

ELC process, however, the high multipole content observed can not be found

for ELC from inner shells.4 The conclusion that ELC contributions from

excited states dominate the production of convoy electrons finds support in

experiments by Betz et al.5 who measured the population of high Rydberg

states produced in fast ion-solid collisions and who conclude that a

considerable fraction of the beam is in excited states while passing through

the foil. They infer that the excitation to high Rydberg states, closely

linked to the excitation to low lying continuum states, is a bulk effecr.

How different results for light ions (H, He) at lower velocities

(> 1 au) can be (and often are) is a point that has been mentioned in the

past, has not yet generally been adequately appreciated by workers in rhe

field, and «mich can scarcely be overemphasized. For light ions of low

velocity it is physically very plausible to expect that secondary and convoy

electron generation and scattering phenomena will be less dominated by the

electronic charge of the accompanying ionic particle than in the fast heavy

ion case, will be relatively more sensitive to solid state effects at, for

example, the exit surface, and may well be qualitatively different owing to
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the longer time scale over which secondary and convoy electron distribution

characteristics can adjust. For example, the adjustment to the potential

step at the exit surface cannot then be expected to be either small or

sudden.

Figures 2, 3, and 4 present striking examples of how different results

for light ions can be. In Fig. 2, for example, we see sample results

obtained by Gladieux and Chateau-Thierry for convoy electrons accompanying 1

MeV protons emergent from 15 Mg/cm2 Al foils, displaying a narrow feature

atop a broader distribution of convoy electrons. The former displayed full

width half maxima nearly independent of beam velocity, whereas the latter

scaled more nearly as expected for ECC, i. e. proportional to vp.

Figure 3 displays results obtained by Yamazaki and Oda for neutral

hydrogen atoms on C foils of three thicknesses, again showing a narrow

feature atop a broader one. The latter can be interpreted as arising from

convoy electrons which are born in ELC events in the bulk and then suffer

subsequent energy loss and straggling prior to emergence. The narrow

feature was ascribed by Yamazaki and Oda to a so-called "free electron

transfer to the continuum" process, where the "intrinsic" convoy electrons

which make up this narrow distribution were thought to be captured into

projectile-centered continuum states at or just downstream of the exit

surface of the target.

Figure 4 exhibits convoy electron distributions as well as secondary

electron distributions accompanying the passage of 60 keV protons through Al

foils on which - 0.1 monolayer of Na had been evaporated under ultrahigh

vacuum conditions. These results were obtained by E. Sanchez, L. de

Ferrariis, and S. Suarez at the Centro Atomico Bariloche, Argentina, and

were included by W. Meckbach in his review paper at the Twelfth

International Conference on Atomic Collisions in Solids (to be published in
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Nucl. Inst. and Meth. B). Remarkable features are the strong increase

observed in convoy electron yield with increasing proton dose, and a

corresponaing increase in the energy of the peak of the observed secondary

electron emission distribution. These results were attributed to the

gradual evaporation of the fractional monolayer of Na on the exit surface of

the Al foil (tilted at - 48 deg to the bean direction), thereby increasing

the work function contribution to the surface potential step by an amount in

the range 1 - 2 eV. In this light ion work the change in work function is

thought to be decisive, and is in contrast to the decrease in convoy yield

seen by Burkhard et al.^ with increasing work function for 24 keV/u Kr ions

emerging from sputter-cleaned Ni foils.

While it was expected that the peak in the secondary electron emission

distribution should shift to higher energies as the work function increases.

the surprising > 10 eV shift seen was ascribed by Sanchez et al. to a

refraction of the secondary electrons at the exit surface, tilted by about

48 deg to the direction of the emitted electrons.

The weight of available evidence thus far discussed supports the

dominance of bulk production mechanisms for convoy electron produccion by

fast heavy ions in solids, whereas this dominance is far less clear for

light ions at lower velocities. Further evidence for the dominance of bulk

production mechanisms in the case of fast, highly charged projectile ions is

provided by data concerning the mean free path for convoy electron

extinction in solid targets.

Three recent experiments^ provide evidence that the mean free path

(MFP) Ac for convoy electron extinction by scattering in solid targets can

be significantly larger than the MFP Ae for elastic and inelastic scattering

of free electrons of similar velocity traversing the sane targets. In all

:hree it was found that Xc - a»Ae, where a — 3-20 and Ae is the inelastic
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MFP for free electrons. The close connection between development of excited

state multipoles and Ac has been examined recently in a transport theory for

convoy and Rydberg electrons in solids being developed by J. Surgdorfer,

whose results are discussed in the next talk. A principal result of this

classical transport theory for electrons under the influence of both the

strong Coulomb field of the projectile and multiple scattering processes in

the solid is an enhanced transport length for convoy electrons.

The earliest of the three experiments studied the growth and saturation

curve of the convoy electron yield as a function of target thickness r for

Ni 2 4 + and Ni 2 a + ions traversing aluminum and carbon foils (3-500 fig cm"2) az

15.2 MeVu'1. In the following discussion path lengths in the carbon foil

are expressed in units of /ag cm"2 (—50 A). The growth and saturation curve

was modeled by a one-parameter fit of the form [1 - exp (-x/Ac)]. The Xc

thus derived (sometimes referred to as an escape depth) was roughly an

order of magnitude larger than those expected for free electrons of equal

velocity. Results are indicated in Fig. 5 (top).

Such a simple one-parameter estimate, over-simplifying a complex array

of charge and excitation changing processes as it necessarily does, cannot

be expected to be very accurate (even within a factor of two). The size of

the effect is nonetheless so large that there can be no doubt that it will

remain a significant tool in future inquiries into the origin and evolution

of convoy electron production in bulk materials.

Substantial headway in achieving improved understanding of the effecr

was subsequently made through the analysis of data obtained by Schramm et

al.-9 who likewise report a significant enhancement of Xc in the study of

the projectile charge and target thickness (r) dependence of the convoy

yield for U MeVu"1 -S^+ ions (q - 10-16) traversing carbon foils in the

range 4-200 ng cm*2. Because of the wide spectrum of incident charge states
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employed, including electron-rich charge states far below the equilibrium

charge, the approach of the convoy yield toward equilibrium could be

compared with the approach of various charge states to equilibrium over a

fairly large range of q. It was found that, while the convoy yield had

approached its equilibrium value to within a few per cent for r < 30 ng cm"2

(-1500 A), charge equilibrium had not yet been approached to the same degree

at 200 Mg cm*2 (-10,000 A). That is, the equilibrium distance x0 for convoy

production inside the foil may be substantially smaller than a

characteristic distance Acc for charge state equilibration, even though x0

and Xcc are determined by mutually dependent cross sections.

The interpretation of such experiments starts from the rate equation

for the yield

dY 1
- R(x) - Y. (1)

dx X-

The source term R(x) as well as the MFP Ac will depend in general on the

incident q as well as mean equilibrium charge state q. The source term is

therefore a function of, and to first order proportional to, the number of

electrons available in the projectile times the weighted cross-sections for

ELC (loosely bound electrons dominate). The general solution of (1) has the

non-stationary, q-dependent form

x
Yq(x) - / dx' R(x') exp [-(x-x')/Ac] (2)

o

where x - 0 defines the entrance surface of the foil and x is the path

length. In order to relate the yield for a given foil thickness x - r to

the convoy extinction length Ac, the x dependence of the source term on the

path length for a given incident charge state must be specified. An
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accurate determination requires a currently infeasible detailed knowledge of

the evolution of the charge distribution and the excited-state distribution,

as well as associated cross sections for single-and multiple-electron

capture and loss. However, simple and plausible functional forms can be

used to represent global trends. We consider two cases, labelled (a), and

(b).

a) For constant R(x) - Co, Eq. (2) yields

Yq(x) - COAC [1-exp (-x/Ac)] (3)

which coincides with the fitting formula used for the Ni data discussed

above. The assumption of a constant production term is best suited for

incident charge states close to the most probable equilibrium charge state

and carrying (relatively) loosely bound electrons into the collision. This

situation is met for incident Ni 2 < + (having two L electrons) on carbon

foils (approximately, since it is possible that higher-order corrections may

have to be taken into account due to the evolution of excited projectile

states with relatively large ELC cross sections). Apart from such

corrections, the saturation curve (3) permits direct inference of an

extended length Ac - 15 /ig cm"
2, corresponding to 800 A (±50%) for Vp - 2i.5

a.u. and q — 24. The uncertainty results in part from data scatter and in

part from a possible pr»asitic dependence of convoy production on electron

loss (ELC) from the projectile as it penetrates the foil, since the L- and

M-shell electrons concomitantly approach charge and excitation state

equilibrium in the (mostly) sub-equilibrium-thickness targets used.

Incidentally, when (3) is applied to the more recent data of Schramm et al

for S 1 3 + (one L electron) for Vp - 12.5 a.u., we find Ac - 4.5 fig cm"
2, in

accord with these authors' estimates,

b) Assuming an electron-rich incident ion with q substantially smaller zhan
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q, the source term can be written

R(x) - Co + q exp(-x/x0) (4)

where the mono-exponential decay approximately takes into account the

stripping of excess electrons by sequential excitation and ionization as the

ion transverses the target. As noted above, the observed characteristic

distance x0 for the equilibration of the convoy production is in general

considerably shorter than the average distance Acc for charge state

equilibration. Eq. (4) leads to

i c 0

Yq (x) - COAC [l-exp(-x/Ac)] + [exp(-x/Ac) - exp(x/xo)]. (5)
Ac-xo

The yield displays a maximum at

x - — In
max

xo-Ac

xo Co / xo\
(6)

The ratio (C1+C0)/Co denotes the ratio between the initial and the

equilibrium production rates. The observed maximum for incident q - 10

projectiles now permits an estimate for Ac. Schramm et al have found Ac -

4.5 Mg cm'2, in agreement with the estimate given above for q - 13. Again.

there is considerable uncertainty (±50%) which in this case stems from

uncertainties in the quantities Cz/C0 (>1) and x0. The evidence for such

maxima is seen in Fig. 5 (bottom, left), and exhibit the maxima from which

Ac may be derived. For comparison, the slower approach to charge state

equilibrium with increasing foil thickness is seen in Fig. 5 (bottom,

right).

The main conclusion is that all of the observed yields for the

different projectiles, charge states, and velocities can be consistently
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described by an enhanced mean free path for convoy electrons

Ac(vp) - aAe(vp) (7)

with a - 8-10 and Xe (approximately proportional to vp
2) the inelastic mean

free path for free electrons of the same speed.

The third, most recent experiment giving evidence for an enhanced mean

free path for convoy electron transport closely resembles the two just

discussed, with an added dimension: the charge state of the emergent

projectile was measured in coincidence with the corresponding convoy

electron. Bare (28+) and one-electron (27+) Ni projectiles (15.6 MeV/u)

obtained from the GSI accelerator facility at Darmstadt, FRG were incident

on C foils of various thicknesses. The spectra and yields of convoy

electrons were determined as a function of target thickness in coincidence

with the charge of emergent projectiles qe for qe - 27+ and 28+, the

dominant equilibrium charge states at this beam energy. The corresponding

charge state evolution with target thickness for the same incident charge

states was also studied. Results are shown in Fig. 6. Again, a saturation

in observed convoy production rate is seen at a thickness about an order of

magnitude larger than the mean free path for free electrons of equal speed.

but substantially smaller than the equilibration length for the charge

state distribution. The saturation thickness for incident 27+ and 28+ ions

is about Che same, a reasonable result in view of the small percentage

difference in these charge states and an equilibrium charge which lies about

mid-way between.

The most straightforward interpretation of the coincidence results is

as follows. For incident 28+ ions at these velocities, capture into excireci

states has appreciable probability compared to direct capture to the ground

state. But excitation and ELC events from these excited states are
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Target thickness
dependence (px) of the charge
state distribution Ti<*f) for the
Incident projectile Ions HI1**
(top) and Nl1'* (bottoa) at 15.6
MeV/u on carbon f o i l s . The
nuabers denote the outgoing
cnarge states qf. The lines are
drawn to guide the eye.

TO BO
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Target thickness (px)
dependence of the convoy electron
yie ld Ye (qf) for the incident
projectile Ions Hi'** (top) and
Nl"* (bottoa) at 15.6 MeV/u In
coincidence with the outgoing
charge s tates qr*28 and Qf>27.
The lines are drawn to guide the
eye.
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significantly larger than the corresponding ground state ionization cross

sections, leading to an efficient bulk ELC production mechanism which should

produce a large supply of convoy electrons in coincidence with emergent 28+

ions through the two-step chain 28+ -» 27+ -» 28+. A slower build-up in

convoy production with emergent 27+ ions more similar to that of the 27+

charge state fraction itself is also seen, which night arise for example

from single or sequential capture to 26+ states (at a slower rate), followed

by ELC.

A precisely parallel argument can explain the dominance of qe - 27+ in

the convoy electron coincidence spectrum, through the chain 27+ -» 26+ - 27+.

The slower-rising, qe - 27+ coincident component could in this case arise

from ELC from mostly ground state incident 27+ ions, whose numbers more

slowly diminish toward equilibrium charge through the same ELC processes

which we again argue dominates bulk convoy production by fast, incident

heavy ions such as the 15.6 MeV/u Ni ions discussed here. The subsequent

talk by Joachim Burgddrfer concerns a theory of stochastic perturbation of

Coulomb orbits of Rydberg and convoy electrons accompanying heavy ions

traversing solids which makes plausible and elucidates many of the enhanced

mean free path phenomena seen.

*This work supported in part by the National Science Foundation and by

the U.S. Department of Energy under contract No. DE AC05-840R21400 with

Martin Marietta Energy Systems, Inc.
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TRANSPORT THEORY FOR CONVOY ELECTRONS
AND RYDBERG ELECTRONS IN SOLIDS

Joachim Burgdorfer
Department of Physics and Astronomy

University of Tennessee, Knoxville, TN 37996
and

Oak Ridge National Laboratory, Oak Ridge, TN 37831, U.S.A.

Recent experimental investigations of excitation of near-threshold states in

fast (vp » 1; vp: projectile velocity) highly charged (q » 1, q: ionic charge)

- ions traversing thin solid targets have revealed several interesting and

heretofore unexplained features. For "convoy" electrons, i.e. electrons in low-

energy continuum states in the projectile frame just above threshold, anomalous

transport properties as well as a high degree of anisotropy in che angular

distribution have been reported. Convoy electrons give rise to a "cusp" shaped

peak in the forward emission spectrum of electrons whose velocity vector v

matches the projectile velocity, v - Vp. For high Rydberg states just below

threshold an abundant population of high £ states, absent in ion-atom collisions

under otherwise identical conditions of projectile velocity and charge state, has

been observed (for a more detailed discussion of recent experimental advances.

see the contribution by Ivan Sellin).

We are presently developing a quantitative description of the evolution of

the atomic charge cloud around fast highly charged ions in solids within che

framework of classical transport theory. This amounts to the solution of a phase

space master equation for the distribution function f(r,v) which takes properlv

into account competing effects of the strong Coulomb field, of screening, and of

the stochastic perturbations in the solid due to multiple scattering. A

numerical solution can be achieved by solving the associated Langevin equation

for individual phase space trajectories and employing Monte Carlo sampling

techniques.

In the following progress report we will briefly outline the theoretical

framework and present first results on the transport effects of Coulomb

focussing, defocussing and trapping.

Langevin equation and discrete

The direct numerical solution of a phase space master equation in 6 + 1

dimensions is still beyond the realm of present computational capabilities.

However, approximate solutions can be generated by solving the associated
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Langevin equation for individual phase space trajectory and employing Monte

Carlo sampling techniques. The accuracy of the approximation is, in principle,

only limited by the Monte Carlo statistics. The Langevin equation reads

v - - V Vo + F (t) (1)

where the first term on the rhs is the drift term describing the deterministic

flow and F(t) is the stochastic force causing relaxation and diffusion.

In our study we have employed various forms for Vp including a bare Coulomb

potential and an approximate fora of the dynamical screening potential (Fig. 1).

<J>w/Zt ~

-35

Fig. 1. Dynamical screening potential (from P. Echenique, R. Ritchie,
and V. Brandt, Phys. Rev. B22, 2567 (1979)).

The stochastic force F(t) can be written as a sequence of sudden, impulsive

momentum transfers ("kicks"),

F(t) - 2 2
o-l,2 i

(2)

where APi* is the stochastic momentum transfer per collision at the time tja.

The determination of F(t) is thereby reduced to that of a stochastic sequence of

pairs (AP£a,tia). For electron-electron scattering (o-l) the sequence of kicks

is chosen such that the theoretical results for the inelastic mean free path

(mfp), A^, of free electrons in aluminum are reproduced. The calculation of Â
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uses che dielectric function in random phase approximation (RPA) including

plasmon damping, local field and inner-shell corrections. For elastic scattering

(o-2) at target cores a Gaussian process centered about the nearest neighbor peak

in the pair distribution function of a medium width randomly distributed target

cores ("randium") is used.

The Langevin equation with stochastic forces of the form of kicks (Eq. 1)

can be cast into the form of a discrete stochastic mapping. The emerging

physical picture is that of a random walk in the Coulomb state space (Fig. 2)

Fig. 2. Random walk in the e'-L plane for stochastically perturbed
Coulomb orbits.

The random walk is biased because of the anisotrospy of the collisional momentum

transfer AP. Iteration of the mapping provides the complete solution to rhe

Langevin equation.

Coulomb focussing, defocussing, and trapping

As a first application of the transport theory including strong Coulomb

force? and dynamical screening we have investigated the notion of Coulomb

focussing. Convoy electrons are thought to be redirected in the direction of the

projectile by the Coulomb field leading to an enhanced attenuation

length. Figs. 3a and b display the velocity distribution of free electrons and

of convoy electrons after a path length Z - 24 a.u.

By comparison, the convoy electron distribution after the same short

distance looks much more fuzzy and spread out, in apparent contradiction to the

notion of
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Fig. 3a. Velocity distribution for free electrons after Z
initial velocity: (vz - 12.5, Vj_- 0)

- 24 a.u.

V

T
H
0

A

0

12

10

8

6

4

2

1

1 ll 
111 1

II

^ »
•

i

i

i

—

Sfci.' "' Z
8

VZ (A.U.)
12 lo

Fig. 3b. Convoy electron distribution, q - 16, Z - 24 a.u.
(vp - v2 - 12.5, v ^ - 0)

Coulomb focussing. We call this effect Coulomb defocussing. At a much longer

path length Z - 120 a.u. (Fig. O _he differences are less pronounced. The

electron distributions display the semicircle of elastically scattered particles

as well as the semicircle representing the Ferni surface. The latter stems from

the Pauli exclusion principle prevencing electrons from reaching staes with k <

kp (Fermi momentum) during the slovirg down process.
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Fig. 4a. Velocity -i'.stribution for free electrons after Z - 120 a.u.
initial velocity (v2 - 12.5, Vj_- 0.)
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Fig. 4b. Convoy electron distribution, q - 16, Z - J..?0 a.u. (vp - vz

12.5, vj_- 0)

The apparently contradictory notion of focussing and defocussing can be

partially reconciled when the persistence of phase space correlation is

considered in more detail. The key point is the change of the accessible phase

space in presence of an attractive Coulonb potential. For free electrons the

random walk in energy space is restiicted to positive energies (AE'>0). In the

presence of the potential negative energy states (AE'<0) become available. The

"walk" of convoy electrons into bound-states preserves the correlation until rhe
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next ionizing collision occurs. This additionally available channel alters the

long-cime behavior of the diffusion process completely. Fig. 5 shows the

attenuation of free electrons with initial velocity vp - 12.5 a.u. An

approximately disk-shaped collection volume is chosen which covers the

longitudinal interval (vp - 0.25, vp + 0.25), (-twice the typical cusp width) and

a transverse width vj_ - 0.25 corresponding to a cone-half angle So - 1.15°.

After a transition regime where the initially S distributed electron ensemble

fills the collection volume an approximately exponential attenuation is

observed. The attenuation length can be estimated to be if - 125 a.u. (±10%),

about four times the mfp, Xf. (The estimated error here and in the following is

due to both the Monte Carlo statistics and the slope determination).

1
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Fig. 5. Attenuation of free electrons with initial velocity {vp - 12.I.
- 0) in collection volume: [(vp - 0.25 < v_ < vp + 0.25)- (0 < v
< 0.25)]

In presence of the Coulomb potential (Fig. 6) a completely different

picture emerges. The prompt convoy population (initial state «' - 0 in the

projectile frame) is depleted rapidly with an initial slope corresponding to an

attenuation length io - 40 a.u., only slightly enhanced compared to Xf at the

same lab velocity. The proximity of io to Xf is a direct consequence of the

Coulomb defocussing. A single collision suffices in most cases to remove an
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Fig. 6. Attenuation of convoy electrons («' - 0) near a S l 6 + ion (vp -
12.5 a.u.), parameters as in Fig. 5. a: convoy electrons; b:
bound states; c: total number of correlated electrons.

electron from the collection volume because of the relatively large energy

transfer per collision. For longer path lengths (or longer evolution times; the

decay pattern changes dramatically. The attenuation is strongly suppressed. The

origin is the significant build-up of bound states due to stochastic

perturbations. The stabilization of initially fragile (e'- 0) orbits by multiple

scattering may be called Coulomb trapping. The reservoir of captured electrons

to be ejected subsequently leads to the long-time tail in the convoy electron

production. A consequence of Coulomb trapping is that the correlation between

projectile ions and electrons persists over larger distances. The slope of the

sum curve of bound and low-energy continuum electrons (total number of

correlated electrons) gives a correlation length ic - 350 a.u. which confirms the

overall picture of Coulomb focussing.

Figure 7 displays the q dependence of the Coulomb trapping effect. In the

limit q - 0 (corresponding to free electrons) the correlation length ic

approacĥ .;- the attenuation length if of free electrons. The trapping effect

increases with q as expected but the data suggest a saturation effect for q » 1



84

400

44 16

Fig. 7. Correlation langth ic (see text) as a function of the ionic
charge q (vp - 12.5).

These results have several interesting implications:

a) The significant probability for recapture of continuum electrons

confirms models for the production of Rydberg states in highly charged

ions.

b) It solves at least in part the longstanding puzzle of the broken

correlation between a specific exit charge and the convoy yield. The

correlation length is of the order of the mean free path for charge-

changing collisions.

c) The large value of ic indicates that multi-electron processes can

become important. While one electron remains in a near-threshold state, an

additional electron may be capture or edited in a close collision. This

can lead to the formation of doubly-excited states as well as to an

increased ejection rate due to charge state fluctuations of the core.

A more detailed discussion of this transport model cars be fovjjd in Lecture

in Ptmisa, Vol. 294, Proceedings of the Third Int«m*i:ional Workshop on

High Energy Ion-Atom Collisins, Debrecen, Hungary (D. Bereyi and G. Hock. eds.

Springer-Verlag, 1988) p. 344. Part of this work has been performed in

collaboration with Chris Bottcher. Many stimulating discussions with Chris
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ELECTRON EMISSION FROM COLLECTIVE EXCITATION OF SOLIDS BV HEAVY ION IMPACT

Hermann Rothard, Michael Burkhard1, Christoph Biedermann", Oliver Hell. Dieter

Hofmann. Jurgen Kenunler, Peter Koschar, Kurt Kroneberger, Karl-Ontjes Croeneveld

Institut fiir Kernphysik,J.W.Goethe-Universitat,D-6000 Frankfurt am Main.Germany

Abstract

Collective excitation of the electron plasma of a solid by a penetrating heavy

ion can lead to the emission of low energy electrons. In doubly differential

energy- and angular distributions of secondary electrons from sputter-cleaned

solid surfaces from heavy ion impact we observe structures which can be related

to 1. wake-induced shock electrons and 2. electrons resulting from the decay of

plasmons. The emission of these electrons is strongly influenced by both surface

contamination and structure. The directed emission of shock electrons offers the

possibility to study the refraction of low energy electrons by the surface

potential barrier.

Single-electron decay of plaamons c o u l d b e identified as plaamon decay

peaks 12/.
Heavy ion impact on solids can cause Zn h e a v y i o n ,c»( N* , 2 M e V ) l n d u c e d

collective excitation of the electron i o w energy electron spectra <E 30 eV)

plasma of the solid. The deexcitation diMiti.tiil in .Mil ltd enertj from

of a plasmon with a characteristic t h l n C # A 1 a n d C u targets

energy -n«p depending on the density of {1000A<x<4000A), we find pronounced

the nearly free conduction electron, structures •• f o r • « t d direction super-

can e.g. take place by the emission of in,po>ed o n t h e f i a n k a o f t h e b r o a d

electrons. In this process, the energy - t r u e- a e c o n d a r y e l e c t r o n p e a k. T h e

of a plasmon is transferred to a single energies of these structures are well

electron. When escaping from the solid c o r r e l a t e d w l t h t h e p l a B m o n eritfrgl<=s

surface. those electrons produced by h U p o £ t h e m a t e r l a U ln q u e s t l o n a m l

Plasmon decay have to overcome the work t n u a t n e o r l g i n o f t h e s t r u c t u r e s ^ ^

function * specific for the solid p r o b a b l y i 3 t n e single-electron de_

material. Thus. their finai maximum excitation process of volume plasnons

kinetic energy is Ee = Kup - •. The i n thin solid films.

single-electron deexcitation of plas- T h e electron spectra frcn sputter-

mons should lead to an additional c l e a n e d 3 o l l d f o l J 3 u r f a c e a h<jVe b e e n

portion of electrons with discrete raeasured w l t h a n e J e c C r o s t < i t l c e l e c t r o n

energies in the low energy electron e n e r g y a n a l y z e r . T h e m r f ^ o £ t h e

spectra. superimposed on the smoothly »oiid fr,, l ̂ ^,« » • i_
' solid toil targets nas been controlled

decreasing "true" secondary electron bv Aua»r- U P S . * A
Dy Auger- fAES> and secondary electron

background /I/. Analogous structures <SES> ,„»»•„„. „ u , ,
ibtil spectroscopy, Rutherford forward

occuring in ion-induced electron „-„..,.. ,Dc-c, J
scattering (RFS) and scanning electron

spectra from thick Al- and Mg-probes l i u c r o s c o p v I S E M ) /3/

Aa an example, fig.a shows electron
now at Kraftwark Union (KWD).Offenbach S D e c t ra fr™ K> n
. spectra trom the collision system N i ->
'now at Oak Ridge Nat. Lab. (ORNL1 MeV)->Cu(innnn t ' '

nev»->cu(1000A) from an uncleaned Cu-
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surface covered w.th adsorbed atoms <B>

and from a sputter-cleaned Cu-surface

(A) of the same target. In contrast to

spectrum (B), where the SE-intensity is

smoothly decaying with increasing elec-

tron energy, as predicted by theory

'I/. pronounced structures at Ej^J.5.4

eV and E2~20.5 eV occur in spectrum (At

superimposed on the interpolated under-

lying SE-background, which is indicated

by the daahed curve. The decrease of

SE-intensity and the simultaneous

broadening I compare e.g. the FWHM) of

the SE-peak in spectrum (A) are

characteriatica of a clr-an solid sur-

face /3/. Considering the workfunction

•(Cut=4.65 eV it is remarkable t.hat

hofh m.uim.1 in fig. 1 (A) nan be w»l 1

related to the energy of collective,

plasmon-like excitations in copper

determined by the energy losa function

of fast electrons penetrating a Cu-foil

of similar thickness <x= 900A) /4/ at

tfup = 20 eV and \n«p= 26 eV.

Analogous structures can be observed

even for the semi-metal carbon at ca. 3

eV and ca. 15 eV on both sides of the

SE-peak 15 eV). These structures can as

well be related to volume plastnon de-

cay, if we assume a polycristal1ine

i-arbon foil to be composed of graphite-

like clusters. In graphite-like targets

different plasma oscillations of it- and

n-electrons may arise at JSwp- 7.5 eV

and #Mp= 20-25 eV /5/. In this picture,

the peak at 3 eV would be caused by a

collective excitation of it-electrons in

a 2pz-state above and below the hexa-

gonial plane of the lattice (4(0=5

oVI. In the case of Al (*(Al1-4.26 eV),

the structure appears at Ee=10 eV

Wake-induced "Shock* electrons

Penetrating a solid foil, a fast ion

(ion velocity vp>vB. vB=Bohr velocity)

causes a collective response of the

electron plasma, which manifests as an

electron density fluctuation with axial

symmetry, the dynamical polarization

wake /8/.

The ion induced electron density fluc-

tuations show the characteristic be-

haviour of Mach shock waves propagating

in cones through the solid with the

group velocity va. This has been pre-

dicted to lead to the emission of

"3hock electrons" in a direction per-

pendicular to the shock wave front /9/.

The preferential emission angle O#?(n is

given by the Mach relation cos ®om

v9 / v as a function of the pro-

jectile velocity v .'9,10/. Recently,

first evidence for the pnission <>f

»hock elpftrorm nan br-r»n foun<] < ] 1 . 1 2 .

Angular distributions of low energy

electrons show prominent structures ar

electron energies Ee'2O eV.

Fig.2 gives an example of angular dis-

tributions (40o<9<105°> of low energy

secondary electrons at different elec-

tron energies 0.6 eV<EA<20.4 eV from

the collision system N* <Ep=2.0 MeV) on

Cu-foil (d'lOOOA). For electron ener-

gies Ee>20 eV, the secondary electron

intensity shows only a weak monotonir-

dependence on the observation angle © .

The transmission of electrons through

the surface, their energy loss and

reflection at the surface strongly

depend on both the surface potential

barrier and the surface contamination

and structure, which in turn is in-

fluenced by adsorbed substances and

oxides /3,13/. The important influence

of these surface properties on shock

electron emission is demonstrated in

fig.2. In the case of a sputter cleaned

(8 nAmin Kr*-iona of 24 keV/u specific

energy) copper target, the *hock elec-

tron intensity is enhanced by a factor

of 3 and shows a sharper maximum at

© »70° over a broader range of elec-

tron energiem 1 eV < £„ s 20 eV com-

pared to an uncleaned copper target.
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which ia covered mainly by C and O

(moat probably aa hydrocarbons and

water) .

Surface refraction and reflection phe-

nomena, caused by the surface potential

barrier and geometrical inhomogeneities

leading to a broadening of the 3hock

electron peak, are not included in

recent theories. For a sputter-cleaned

surface, the (approximately planar)

surface potential barrier (for ahock

electrons, as for electrons from plas-

mon decay, both having initial energies

around the Fermi energy EF, this is the

workfunction • /14/> causes a re-

fraction of the directed shock elec-

trons. This phenomenon is demonstrated

in fig.3: the component of the electron

velocity perpendicular to the surface

is reduced according to the height of

the surface potential. Thus, the ex-

perimentally observed mean emission

angle 0
em

<!!tp becomes a function of the

theoretically calculated emission angle

0ero (which is given by the opening

angle of the wake cone), the surface

potential U I =• > , the mean shock elec-

tron energy Ee outside the solid and

the target tilt angle 4 (fig.3):

Fig.4 shows the observed mean emission

angle Be(n of shock electrons from

carbon as a function of the projectile

velocity v in comparison to the theo-

retical prediction /9/ (dashed line)

and to the calculation including sur-

face refraction (solid iine), which is

in good agreement to the experimental

data. The observed mean 3hock electron

energy is E,, = 5 eV, the workfunction » = 5

eV and the target tilt angle 4=45°. The

experimental findings concerning shock

electron emission are discussed in

/ll.12,14/.

This work has been funded by the Bun-

desminister fur Forschung und Techno-

logje, Bonn, Germany under the contract

number 06 OF 173/11 Ti 476.
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ECC Cusp Shapes for H+ and He++ on
Atomic and Molecular Targets

G. Bissmger
East Carolina University
Greenville, NC 27858

INTRODUCTION

Recently we published the results of measurements of zero-degree electron
energy spectra with ~MeV/u bare H and He on CmHn gases [i] with m = i, 2,
3, 4, 5 and 7 and observed an abrupt cusp shape change when m ± &. This CJSP snace
change, which appeared as a noticeable increase in the sharpness of the cusp peak,
was extracted by the straightforward point-by-point subtraction of the scaled
CH4 cusp shape from the other molecular cusp shapes. This difference peaK was
called the "W" peak and had the properties that it? skewness, FWH;I, yieic
dependence on projectile Z and energy, FWHM dependence on Zp.and peak pcsiticn
on analyzer angular position differed from both ECC and ELC cusp benaviors.
However when the hydrocarbon molecule had m < 4, there was no significant cusp
shape difference between these cusps and those obtained with atomic Ar targets [2].
This surprising result could not be explained either as an
electron-capture-to-continuum (ECC) or electron-loss-to-continuum (ELC! process and
hence the only remaining process for forward electron production, Brandt-Ritchie
wake model for solids [3], was applied to the molecular hydrocarbon results with
some success. A fundamental problem in applying the wake model to hydrocarbons was
that thi predicted wake lobe dimensions far exceeded the dimensions of even the
largest molecules, making any wake potential distribution problematic at best.

Moreover, further measurements on fluorocarbons showed that the cusp shape,
even for the smallest molecule, CF4, showed evidence of the w peak (CH4
cusp subtracted from CF«) [4]. Coincidence measurements performed for 2.4 HeV
He** with the m = 1 - 5 hydrocarbon series looking for correlations between
the He* exit charge state (electron-capture-to-bound state or ECB) did not
show any obvious change in coincidence yield for the m = 4 or 5 hydrocarbon targets
[5]. Covering a broad range of molecular targets (26 different gasesj to examine
molecular parameters of possible importance such as size, valence electron density.
shape, number of electrons, etc., no. parameter appeared to correlate with the
presence of the w peak except the number of electrons in the molecule. These
measurements in totality conclusively eliminated the wake-riding electrons as trie
source of these W peak zero-degree electrons.

FURTHER EXPERIMENTS ON THE ORIGINS OF THE W ELECTRONS:

Given the inability to find any parameter other than number of electrons in
the molecule that appeared to correlate with the appearance of the w peak, we
carried our scan of gas targets to what appeared to be a logical conclusion and
surveyed the noble gas series of He, Ne, Ar, Kr, and Xe. If only the number of
electrons was of importance, atomic electrons would appear to be as satisfactory as
molecular ones. In this simple view He, Ne and Ar should all have the same CUSD
shapes, while Kr and Xe should show evidence of the w peak.
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Again choosing to subtract the Ar cusp from the other noble gases in the
series for 1ntercompanson, difference spectra generated fcr the noble gases are
shown in Figure 1. It is clear from this figure that the w peak appears for cr, xe
and He, Ne; moreover subtraction of any of the four noble gas cusp shapes
(excluding Ar) from one another does not produce a w peak ! To summarize the
atomic target results, it is clear that the number of electrons is not the critizal
parameter here, nor does the target gas have to be a molecule for the w peak to
appear.

Obviously, whatever is producing the w peak is a phenomena common to atoms
and molecules alike. The W peak yield for atoms is comparable to that obtained for
molecules as can be seen in Figure 3, where the ratio of W peak yield is compared
to the overall cusp yield (integrated from 0.67 - 1.33X peak electron energy). The
W peak observed in atoms appears to have essentially the same characteristics as
the W peak found in molecules at least so far as energy, shape and fraction of ;usp
yield is concerned, hence we believe that the effect leading to the w peak arises
from the same origin in atoms or molecules.

QUESTIONS CONCERNING THE W PEAK

The first and foremost question is whether or not the W peak is really a peaK.
To explain this remark it is best to refer to Figure 3 where the Ar cusp has been
subtracted from the Xe cusp shape. In the subtraction process it is necessary to
judge whether the difference spectra is featureless (i.e., residual monotonic
electron energy dependence) or whether there really is structure. By the latter we
mean whether in the scaled subtraction it is impossible to eliminate structure. In
Figure 3(a) we have subtracted the two spectra so that the difference spectra is
flat in the "wing" area of the cusp - our standard method; subtraction of more Ar
cusp shape from the Xe cusp as in 3(b) gives a characteristic "dip-rise" shape to
the difference spectrum. In no case is it possible to eliminate structure in the
Xe - Ar difference spectrum, therefore the two cusp shapes are intrinsically
different. The question then arises as to whether the subtraction in 3(a) is
"better" than that in 3(b); at present there is no obvious answer to this question.

While there is no clear rationale for subtracting cusp shapes in the case of
atomic targets (except the obvious - to see if they are different), such is not the
case for molecules. In fact the m^tif for the entire subtraction process in
molecules was that as the molecule got larger and larger the continuum electron
would experience 7'niranolecular scattering more and more commonly. T m s
intramolecular scattering should then show up as a change in skew accompanied by a
broadening of the cusp in an evolutionary way. The difference spectra then would
show this evolutionary trend quite naturally. Something like this can actually be
seen in the difference spectrum for SFe - CH4 which is shown in Figure 4.
Note that the W peak, is quite a bit broader and spread out on the low energy side.
If the difference spectra had shown evidence of evolutionary trends with molecular
size, shape, atomic constituents, etc., no one would have been surprised. However
the abrupt change seen in the hydrocarbon measurements, combined with the equally
abrupt change between Ar and all the rest of the noble gases is very surprising.
Even more surprising, given all the predicted mechanisms that can lead to cusp
asymmetries, 1s the experimental fact that the cusp shapes seem to fall into just
two "generic" classes, with 13 gases showing one shape and 18 gases (atomic and
molecular in both classes) showing the other shape - a remarkable simplification m
a complicated situation.
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Scanning Tunneling Microscopy and Spectroscopy

R. J. Warmack and T- L. Ferrell

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

The technique of scanning tunneling microscopy is

demonstrated to provide topological as well as spectroscopic

information. The three parameters under experimental

control are tunneling current (I), tunneling bias (V) , and

tip altitude (d). By holding one constant and measuring the

dependence of the other two, interesting spectroscopic data

may be obtained. Differential conductivity (dl/dV)

measurements can be interpreted as surface density of states

information. An inelastic channel should open at the

surface plasmon energy of the material to which tunneling

occurs, yielding a peak in dl/dV. Shown are the results of

a calculation of the work involved in transporting an

electron to a silver film on a silicon slab. The

probability of exciting the plasmon for these materials

reveals a simple peak very close to the surface plasmon

energy for silver. A significant shifting and splitting of

this peak would be expected for thin films of other

materials where the bulk and surface modes are more widely

separated.

•Operated by Martin Marietta Energy Systems, Inc., for the
U.S. Dept. of Energy under contract DE-AC05-840R21400.
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NEW DIRECTIONS IN SCANNING-TUNNELLING MICROSCOPY*

T. L. Ferrell. R. J. Warmack and R. C. Reddick

Health and Safety Research Division

Oak Ridge National Laboratory
Oak Ridge, Tennessee 37831-6123

The tunneling of electrons in scanning-tunneling microscopy

(STH) has permitted imaging of the electronic distribution about

individual atoms on surfaces. The need for use of conducting surfaces

in STM limits its applicability, and new forms of scanning microscopy

have emerged as a result of interest in poorly conducting samples.

Atomic force microscopy has demonstrated that the force between a

surface and a probe tip can be used to image selected materials. Now

being developed are magnetic probe STM's and photon tunneling

microscopes in which the probe is a sharpened optical fiber. Also of

great interest presently is the measurement of differential

conductance of surfaces using electron STM's. This method supplies

spectral information and contrast enhancement in images. At present

there remains much theoretical work to be carried out in order to

better characterize related data on inelastic electron tunneling, and

valuable insight may be gained from data being gathered on the local

work function of materials. As matters stand today, the key problems

lie in determining tip and contamination effects, preparation of

samples, and understanding conductivity mechanisms in very thin

materials on conducting substrates. Resolution cf these problems and

introduction of new forms of scanning microscopy may permit novel and

important applications in biology as well as surface science.

"Research supported by the Office of Health and Environmental
Research, USDOE. under contract DE-A005-S40R21400 with Martin Marietta
Energy Systems, Inc., and the Dept. of Physics and Astronomy, Univ. of
Tenn./Khoxville.
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INNER-SHELL EXCITATION BY CHANNELED ELECTRONS

S. J. Pennycook
Solid State Division, Oak Ridge National Laboratory

Oak Ridge, Tennessee 37831-6024

INTRODUCTION

An interesting situation occurs when inner shell electrons in crystalline

materials are excited by electron beams of kilovolt energies in a transmission

electron microscope. For many years the subsequent x-ray emission has been

used as the basis of an analytical technique, giving compositional information

at high spatial resolution. Recently this technique has been extended to pro-

vide information on impurity lattice site location,1*3 the basis of the technique

being to take two fluorescence spectra, one under channeling conditions and

one "random" spectrum with the crystal oriented away from strongly

channeling planes or axes. Since electrons channel along the positive potential

wells of the atomic planes or strings, a higher yield of characteristic x-ray

emission is expected from the channeled case, for the same incident beam

current. The channeling effect can be defined as the relative increase in x-ray

yield. If N c and NR are the counts measured for some characteristic peak, then

the channeling effect is simply

^ 4
NR N

„,
Consider for simplicity a nonatomic matrix A and an impurity X which has a

substitutional fraction Fs and the remainder is randomly located. Only the

fraction Fs of the impurity will show a channeling effect and we have
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(2)

or

- 1 - 1
(3)

giving a quantitative measure of substitutionality. (More complex systems

such as interstitial atoms require measurements along a number of planes or

axes to achieve a self-consistent analysis.)

This analysis will only work if the individual inner shells under

consideration are excited with equal efficiency under both channeling and

random conditions. This is not true for the excitation of more weakly bound

shells (binding energy Ef < 1 keV). For a typical beam energy of 100 keV

incident on crystals along a major axis, the width of the electron distribution

about the atomic string is a small fraction of an Angstrom. Figure 1 shows

the distribution in Si and Ge calculated by dynamical diffraction theory

compared to the range of impact parameters for As or Ge K-shell excitation

(Ej ~ 10 keV) and L-shell excitation (Ej - 1 keV).

PARTIAL EXCITATION OF INNER SHELLS

Using the channeling effect we have effectively created beams of

electrons focused to a width - 0.5 A at each atomic string. The K-shell

excitations will be greatly enhanced by the high electron flux incident within

the range of impact parameters capable of ionizing the shell (the horizontal

dark lines in Fig. 1). The excitation of the L-shells will be less enhanced since
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the electron flux falls off over the range of impact parameters contributing to

their excitation. This delocalization effect can be measured experimentally.

Figure 2 shows the delocalization factor C, the ratio of the enhancement

observed for a particular shell to that observed for a highly localized shell,

showing clearly the sharp onset of delocalization effects for binding energies

below a few keV.

Experimental determination of these effects is difficult and it is very

desirable to be able to calculate delocalization factors to allow channeling

analysis to be obtained with low-energy excitations. In a simple impact

parameter description the C-factor is given by

y
where

- * y T^k
hmu (4)

d2a lize* 1 df fh A F s
dAEdb'EAE b d A £ l " ' A t J (5)

bm a x=hv/2E i (6)

(7)

for an average energy transfer of 2Ej, and the oscillator strength is assumed

unity between these limits. For I(b) = 1 within this range, C = 1. Inserting the

calculated electron flux distributions shown in Fig. 1, numerical integration

results in the dashed line shown in Fig. 2. Fairly reasonable agreement is

obtained, although the actual curve drops more sharply than predicted. It
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would be interesting to use a better description of the impact parameter

dependence of the cross section than Eqs. (5-7), one which avoided the

artificial sharp cutoffs bmax and particularly bmin since with the 1/b weighting

in Eq. (5) most of the contribution to the integral in Eq. (4) comes from the

vicinity of

It also appears possible to avoid the numerical integration in Eq. (4) entirely

and obtain C-factors very little different by using

C = I ( b RMs) (8)

where bRMs is defined as the root-mean-square impact parameter and

max , 2
f dCL_ t_ 2 ,, , A r ,

J dAEdb"bdbdAE

b».. (9)

which under the approximation of Ej « E gives

E ;

These values are shown as vertical ticks in Fig. 1. Physically, this means that

under channeling conditions the inner shell is excited as if by an incident flux

equal to the electron intensity at a radius

It has been generally supposed that this delocalization effect will be quite

dependent on the beam energy. However, in this real space picture it can be

seen quite easily that only a second order effect is expected since the most



1 0 6

important impact parameter bmin is not dependent on the incident beam

energy (Eq. 7). Therefore bj^is (Eq. 10) is not very sensitive to beam energy and

as the beam energy is raised the increasing delocalization effect observed is

due as much to the narrowing of the electron intensity profile as it is to the

increasing impact parameters. Figure 3 shows the observed and predicted

dependence of the Ge-L C-factors using Eq. (4). Although the magnitude is in

error at this low binding energy as noted before, the trend is predicted quite

well with this simple model.

CONCLUSION

It is interesting that it appears perfectly possible using electron

channeling to pass electrons too dose to atomic sites for efficient inner-shell

excitation. This delocalization effect can be calculated as described here.

Experimentally, this allows quantitative channeling analysis to be performed

with low-energy excitations, perhaps eventually induding Auger emission

for surface site studies. The approach described here seems quite general; in

particular, it is not necessary to attempt to calculate the actual channeling

effects recorded experimentally. These vary according to the electron

absorption in particular samples, but since the absorption scatters the beam

primarily to plane waves, the delocalization factors C do not depend on the

amount of electron absorption. A quantitative analysis can be obtained

repladng Eq. (3) with

X[NX* S * / ai)
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where the C factors can be calculated to a fair approximation from Eq. (8). A

better model for the impact parameter dependence of the cross section is

desirable. A fuller description of this work has been published.^
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FIGURE CAPTIONS

Fig. 1. Normalized distribution of electron flux about the atomic strings for

(100) axial channeling in Si and Ge with 100 keV electrons, together with the

impact parameters b ̂  (vertical lines) and the range of impact parameters

(horizontal bars) contributing to various inner shell excitations.

Fig. 2. C-factors in Ge and Si as a function of inner shell binding energy AE for

axial and planar channeling with 100 keV electrons. Dashed line shows

theoretical prediction.
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Fig. 3. a) Experimental and b) theoretical variation of Ge-L C-factor with

incident beam accelerating voltage. Upper scale shows the ratio of the

electron velocity to the velocity of light.
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Cherenkov x Rays: Recent Experimental Results

M.J. Moran, M.B. Schneider, and B. Chang
University of California. LLNL

Livermore. CA 94550
and

X.K. Maruyama
Naval Postgraduate School

Monterey. CA 94550

Prepared for:

The 1 1 t h Werner Brandt Workshop on Penetration Phenomena of
Charged particles in Matter

Oak Ridge. Tennessee
April 14. 1988

Preliminary experimental results show the measurement of

Cherenkov x rays for silicon and carbon foi ls. The measured

distributions demonstrate grazing-angle enhancement of the emission

flux, where relativist ic electrons are incident on the foils at near-

grazing angles. This behavior was predicted in a paper presented at

the preceding Werner Brandt Workshop.
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I. INTRODUCTION

A talk presented at the previous Werner Brandt Workshop

reviewed the physics of x-ray generation by the Cherenkov effect and

used ideal theoretical calculations to predict that grazing incidence

of relativistic electrons on thin foils could be used to dramatically

increase the photon fluxes produced by Cherenkov x-ray sources.1

Previous experimental and theoretical reports in the literature had

discussed the basic nature of x-ray Cherenkov radiation (CR),2 but the

possibility of using grazing incidence to enhance x-ray CR had not

been considered or discussed previously. This paper presents

preliminary experimental results that confirm our prediction of

grazing-angle enhancement of CR from thin foils of silicon and

carbon.

This work has been pursued because a variety of theoretical

calculations had suggested that Cherenkov x rays could be available

throughout the x-ray spectral region; but experimental results had

proven difficult to obtain.1-2 The present authors had failed to detect

Cherenkov x rays in two preliminary experiments that used

perpendicular incidence of electrons on thin foils of Be. C. and Ti.

The theoretical predictions had depended on highly uncertain

estimates of the anomalous dispersion of dielectric constants near

atomic resonances in the optical medium of interest. After the

negative experimental results, a series of calculations was performed

to predict more exactly the expected emission distributions and to

determine whether some new technique, such as grazing electron

incidence, might enhance the radiated Cherenkov emission intensity.
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These calculations were described in the previous paper.1 The

calculations used published values*5 of anomalous refractive indices in

crystalline silicon near the L-edge resonance (= 100 eV) together

with exact theoretical descriptions of radiation generated by

electrons incident in thin foils with arbitrary angles of incidence.4-5

The calculations verified that simple approximate formulas correctly

predicted the CR emission intensity for perpendicular incidence. The

calculations also predicted that the CR intensity could increase by as

much as two decades if the electrons were incident on the thin foils

with near-grazing angles of incidence. Although the absolute CR flux

depended on the values used for the anomalous refractive indices, the

grazing-angle enhancement was found to occur whenever the

refractive index exceeded unity.

II. THEORY

The basic theory of CR has been discussed in our previous

report. For the present purposes it is useful to write a simple

equation that describes the number of photons, Nf, generated with

normal incidence of an electron on a thin dielectric foil:6

N f . 4 ^ (±) (££.

where o<s1/137 , / is the foil thickness, Xo is the vacuum

wavelength of a photon with radial frequency u. X is the complex

dielectric susceptibility: X = X' • X" . and Aco is the bandwidth over

which a single value X' describes the dielectric constant at w.
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Recall that the dielectric constant e(o>) is given by: e(co) = 1 • X and

that the refractive index, n(o>), becomes: n(o>) = -v/IUoTs 1 + %'/2 .

The electron must have Z (total energy divided by electron rest mass)

greater than the threshold value : 1/2Tth = V X ' ^ ) • When 2T»Efth

the CR wil l be emitted into a cone with a half angle ecr given by:

8cr = V?TUo) . (2)

II. EXPERIMENT

An experiment has been performed to investigate grazing-angle

enhancement of x-ray CR. Figure 1 shows a schematic diagram of the

experimental arrangement. 75-MeV electrons produced by the LLNL

electron-positron linac were directed at thin target foils and then

were deflected by a "dunp" magnet to a scintillation beam-current

monitor in a beam dump hole. The scintillation monitor was

calibrated by comparison with a "beam block "/electrometer

measurement of the absolute current. The target foils could be

rotated about an axis perpendicular to the electron trajectory,

allowing variation of the electron angle of incidence on the foil from

perpendicular to near grazing angles. The angular distribution of

radiated photons was measured by moving a proportional counter

along an axis that intercected the electron direction and also was

perpendicular to the axis of rotation of the target. The samples were

a 2.5 cm by 7.5 cm by 500 >ig/cm2-thick vapor-deposited carbon

membrane from Arizona Carbon Foil Co., Inc., and a 2.5 cm-square x
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3,um-thick single crystal silicon membrane that was removed from a

wafer supplied by Nanostructures. Inc..

Detector

beam

-Foil target
Dumpx

magnet 1

To monitor
10°

Figure 1 Schematic Diagram of Experimental Setup

Typical average electron beam currents were about 1 pico (10-12) A.

Even at these current levels, the proportional counter sometimes

experienced photon pileup problems that tended to "compress" the

amplitude of angular features and reduce the measured peak intensities.

In addition, residual fluorescence in the scintillation monitor, noise in

the electrometer, and uncertainty in the detector sensitivity for low

photon energies restncted the absolute overall system calibration to be

no better than a factor of four.
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I I I . RESULTS

25 r

-60 -20 0 20 60
Angle of emission (mrad, wrspt electron)

100

Figure 2 Measured (dots) and calculated (solid) angular distributions

for the silicon sample. Figures (a) through (d) show the data for

angles of incidence from 90° through 3°. respectively. F.S. indicates

the foil surface direction for small grazing angle.

Figure 2 shows the angular distribution of photons measured

(dots) for four different angles of incidence with the silicon target.

A single-channel analyzer restricted the recorded pulses to

correspond to a photon-energy window of 70-162 eV. The figure also
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shows calculations (solid) based on exact solutions of radiation

generated when relativistic electron penetrate thin dielectric foils

with arbitrary angles of incidence. The absolute intensity of the data

are normalized to the theoretical calculations, because analysis of

the absolute intensity of the measured data is not yet complete.

-60 -20 20 60
Angle of emission (mrad, wrspt electron)

100

Figure 3 Measured (dots) and calculated (solid) angular distributions

for the carbon sample. Figures (a) through (c) show the data for

angles of incidence from 90° through 1.5°. respectively. F.S. indicates

the foil surface direction for small grazing angle.
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Figure 3 shows similar data for the carbon foil with three

different angles of incidence. In this case the photon energy window

was set to 193-457 eV. Again, the absolute intensity of the data are

normalized to the theoretical calculations.

IV. DISCUSSION

The data in Figs. 2 and 3 show angular distributions that change

dramatically with the electron angle of incidence on the foils. For

perpendicular incidence (Figs. 2(a) and 3(a)) the distributions are

similar to those normally expected from transition radiation (TR):

they show an on-axis minimum and have peaks at angles of about

= 1/3" O / r= 7 mrad). As the foils are tilted to smaller grazing

angles of incidence the data begin to show extra peaks at angles of

about ± 40 mrad. As the grazing angles are decreased these extra

peaks become stronger. In the silicon sample the "extra" peaks

increase until, with a 3° grazing angle, they dominate the anguiar

distribution. Note that the Cherenkov peaks represent spectral fluxes

roughly 2 decades greater than for the TR (since the TR was detected

in a large energy "window", and the CR is inherently narrow).
t

The data in Figs. 2 and 3 give strong evidence for x-ray

Cherenkov emission that is enhanced by the grazing-incidence

geometry. The peaks at ±40 mrad are at an angle that is much too

large to be associated with most other relativistic radiation

processes. Processes such as bremsstrahlung or channeling radiation

have on-axis peaks with angular FWHM of about 2/2T. and TR has an

on-axis minimum with peaks at ± MZ. The Cherenkov effect is the

only mechanism that gives a simple explanation for the observed
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behavior. Equation (2) can be used to interpret the observed

Cherenkov angle in terms of the associated susceptibility X'(<*>)- T h e

40-mrad angle implies X' « 0.0016. This value is not inconsistent

with recently measured values for carbon near 280 eV,7 but is much

smaller than published values for the anomalous X' for silicon at 100

eV.5

The calculations shown in Figs. 2 and 3 are based on the same

theories that were used previously, but they have been modified to

account for effects such as refraction and reflection at dielectric

boundaries. The calculations for silicon use X' « 0.0016 near 100 eV,

and 1 -cop
2/co2 away from the resonance. If the calculations use the

published values for X' near 100 eV then the x-ray CR is strong at

angles as large as 15° and does not resemble the measured data.

V. CONCLUSIONS

The data above gives strong evidence for grazmg-angle

enhancement of x-ray CR. The experiment was motivated by

theoretical calculations of expected emission distributions. The

calculations predicted the grazing-angle enhancement behavior that

we seem to have observed, but a number of other features such as

absolute intensity, angular symmetry and angles of emission

presently do not agree with the data. Currently, we are in the

process of reviewing the data in an attempt to resolve some of these

discrepancies and in order to be able to draw some definite

conclusions from the results. Difficulties of this type are not

unusual in a nedw experiment and we believe that the qualitative

features of the data give strong evidence for grazing-enhanced x-ray
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CR. If this is correct, then this process w i l l prove to be useful for

characterizing anomalous X'(^) near atomic resonances. Finally,

since the CR is intense and spatially coherent, i t may lead to the

design of new efficient coherent x-ray sources.
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1. Si (Li) detector it-rss spectrum for 160 MeV bare sulfur ions
massing throush a 0.42 urn thick silicon target oriented randomly
with respect to the ion beam axis. Peaks are due to target arid
r-roJectile K ::-raas and from L- and K-radiative electron capture
<REC) processes in which a target electron is transfered to the L-
or K-shellr respectively* of a bare- or one-electron sulfur projectile
ion moving m the solid and a Photon is emitted which carries away
the excess energy. The peaks lie on an :;-ray continuum comprised of
F-rimsps and secondary 9renu»strahlun3 uhich e.vtends well joove the
K-REC peak.

C. X-ray spectrum for 160 MeV bare sulfur ions a.'t.-ial ly channeled
through 0.42 urn Si<110> crystal target. Note that the background
is significantly reduced conpared to the randomly orien.'.ed target
C3se displayed in figure 1.

3. Charge state distributions of sulfur ions exitina 0.-12 um
silicon crystal in channeling and random orientations. in the
channeling case* nearly SOX of the ions remain 'frozen* in their
original (16+) charge state.

4. Schematic representations of the REC process for a bare ion
moving with velocity VP in the lab fraae» capturing a bound taraet
electron and emitting a photon. In the Projectile frame? the tarset
electrons have the velocity distribution indicated. Energy consei—
vation demands that the emitted photon carry away the relative energy
of th« electron as viewed by the projectile plus the difference m
the binding energies of the initial(target) and final(projectile)
states.

5. Another schematic representation of the REC process indicating
the relevant energies and the relativistic transformation (Doppler
Shift) formula for >:-ray energies in the projectile 3nd lab frames.

6. Cross sections for radiative recombination (free electron
•.rapture) snd REC.

~. Schematic diagram of the experimental apparatus used in the
»t?3surements reported here.

S. REC portions of ::-r3= spectra for bare sulfur ions channeled
3;.-ially through s 0.42 um silicon crystal alons the :110^ axis.
REC peak position should increase in energy linearly with pro-
jectile energy as shown. Note that compared to data of figure If
•;>e REC peaks are narrower and continuum backgrounds are signif-
icantly reduced. Both effects are due to channel ins avoidance
jf small impact parameter (no taraet inner shell) collisions.

-. Measured ?nd calculated K-REC peak positions fcr bare- snd one-
electron sulfur ions channeled through 0.42 um 3i<110> crystal.
Theoretical energies include shiftins effects for: Doppler effectr
L-nergy dependence of differential c ross-sect ion» snd finite viewing
ar,ale plus angular dependence of differential cross-section.
'•Itssured REC -?nt-jrgies for L>oth projectile charge states are consis-
tently lower than predicted by about 2 per cent.

'jr •'• !..; r<ilo'.:l3ted widths or" !.he K-f.EC êsf-s for i>sre

REPRODUCED FROM BEST
AVAILABLE COPY
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'-.ulfur ions sxi.rlly chjnr'aled through 0.42 urn Si .HO." crstsl.
Measured widths ;re FUHM taken from Gaussian profile fits for
the high energy side of thp REC r-eaksr where cont inuum backgrounds
jnd contamination by cootributions of lower charge states are
negligible. See figure 8. Calculated values are for a tsraet
electron fermi velocity distribution with an effective fermi energy
of 10 eV.

II. K-REC peak centroid position results for 120 to 200 MeV sulfur
16+. First two columns are zeroth order theoretical values for
proJectile-frame and lab-frame K-ffFC energies. Next two columns
show the eneras shifts expected due to eneray dependence of the
differential cross-section across the width of the peak. delta E
in tha last two columns are the corrected shifts of the REC peak
centroids from the theoretical values. The lower numbers in
parenthesis result from forced fitting of the spectral data to
two component REC peaks in which a lower energy peak is added
to represent the maximum contamination by one-electron projectile
ions. The energy separation between these two fitting peaks is
set at the theoretical one- and two-electron binding energy
difference.

12* Estimates of measurement and fitting errors.

13. Yield of K-REC ::-rass from bare sulfur ions channeled through
0.42 urn Si<110> crystal plotted 3S a function of ion energy and
compared with 3 simple power fit ami the Bethe-Salpeter cross-
section for radiative electron capture normalized st 140 MeV.

14. Possible sources of the observed energy shifts.

15. Si(Li) detector :;-P3B spectra generated by bare oxygen ions
traversing a hydrogen gas targat. The highest energy feature is
the oxygen K-REC peak. The peak Positions measured here are?
uithin error; the same as those calculated and corrected ss
described previouslyr i.e. no shift is observed for 0 S+ on H2
(or He which was also measured).

16. Comparison between x-ray data and a computer generated
simulation based on radiative electron capture from an atomic
hydrogen target. Both peak position and shape are well-described
by theory.

REPRODUCED FROM 8EST
AVAILABLE COPV
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Optical, Mass, and Auger Spectra from e-Bombarded KBr

£. T. Arakawa and M. Kamada

Health and Safety Research Division
Oak Ridge National Laboratory
Oak Ridge Tennessee, 37831-6123

Abstract

We have measured the mass spectrum and optical emission
lines of neutral potassium atoms ejected from KBr at T
= 300°K and 443°K bombarded by 2-keV electrons. The
room-temperature data may be complicated by the non-
stoichiometry of the alkali-enriched sample surface and
seem difficult to interpret. The high-temperature
sample, which maintains the proper stoichiometry.
produces data in support of gas-phase excitation of
alkali atoms desorbed from the surface.

Sponsored by the Office of Health and Environmental Research. U.S.
Department of Energy, under contract DE-AC05-840R21400 with Martin
Marietta Energy Systems. Inc.

Permanent address: College of Engineering, University of Osaka
Prefecture, Sakai 591. Osaka, Japan.
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Introduction

Sputtering of metals and semiconductors is generally well described

by Sigmund's nuclear-collision cascade theory. In contrast, for
(2 3)

ionic solids such as alkali halides, ' ' sputtering is associated with

electronic processes. Investigations on ionic solids have been limited

primarily to ground-state species ejected from the sample surface. In

recent years, optical emission from bombarded solids has attracted much

interest,1 ' ' since useful information can be obtained concerning

excited-state species produced in the sputtering or desorption process.

However, only a few studies have been made, and a need exists for data

which will aid in the understanding of excited-state species formed in

the sputtering or desorption of ionic crystals. Here, we report optical

emission spectra from electron-bombarded KBr, which were obtained simul-

taneously with measurements of Auger and mass spectra.

Experiment

The experiments were performed in a conventional Auger chamber with
—8

pressure in the 10 Torr range. A crystal of KBr was introduced into

the chamber within an hour after cleavage in air. The surface was

monitored for contaminants by using a cylindrical mirror Auger analyzer.

No detectable amounts of carbon, nitrogen, or oxygen were found. The

intensities of the LMM Auger line of potassium and MNN Auger line of

bromine were used to monitor the number of electrons injected into the

sample for use in determining the beam current dependence of the optical

emission intensities. The optical emission was collected with a quartz

lens through a MgF2 window and imaged on the entrance slit of a 0.3-it

McPherson spectrometer. The spectral band width was about 0.3 nm. The

emission spectrum reported here has been corrected for spectral sensi-

tivity of the detecting system by using an NBS. tungsten-ribbon,

standard lamp. The mass spectra were measured with a VG-Spurvac

quadrupole mass spectrometer, whose ionization filament was switched off

during the optical measurements.
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Results

Figure 1 shows the optical emission spectrum of room-temperature

KBr at 80" from the sample normal bombarded by 2-keV electrons with an

electron flux of 15 pA/mm2. The electrons were incident at 10° from the

sample normal. The spectrum is composed of sharp lines and a broad

band. The broad band centered ~470 nm is of bulk origin*- ' and is not

of concern in the present context. The wavelengths of the sharp lines

coincide with those of the electronic transition from isolated neutral

potassium atoms, within the spectral resolution of 0.3 nm.

Figures 2 and 3 show the dependence of the optical line intensities

from room-temperature KBr on the beam current. These were measured

simultaneously with the Auger or mass intensities to avoid the ambigu-

ities about the number of electrons injected into the samples, the

decomposition of the samples, and the number of ground-state potassium

atoms. As seen in Fig. 2, the intensities of the optical lines at 404.6

and 766.5 nm increase linearly with increasing beam current in the low

current (< 13 uA) region, I, and are proportional to the third power of

beam current in the intermediate region, II. In the high current (> 25

jxA) region. III, they increase with greater than third power of beam

current. On the other hand, the intensities of the Auger lines increase

linearly in regions I and II and then deviate from linear dependence in

region III. After a long irradiation in region III, the Auger intensi-

ties became very weak, indicating decomposition of the sample surface.

As seen in Fig. 3, the number of potassium atoms and the optical

line intensities increase linearly with beam current in region I. The

number of ground-state potassium atoms increase nonlinearly in region

II; while in region III, a saturation seems to be reached. The latter

result indicates that the alkali overlayer controls the sputtering rate,

with the ground-state alkali atoms evaporating thermally in region III.

We believe that the dominant parts of the production of excited-state

alkali atoms in regions II and III are associated with electronic

processes, although thermal energy is, in part, included in the pro-

cesses. The nonlinearity of the production rate of the excited-state

atoms may be due to secondary processes such as the interactions of the
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Fig. 1. Optical emission spectrum of room-temperature KBr
crystal bombarded by 2-keV electrons with electron flux

of 15 fiA/mm2. The spectral resolution is 0.3 nm.
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excited-state atoms, ions, and molecules with ground-state atoms,

defects, and local vibrations.

In contrast to the complicated room-temperature results, the beam

current dependences of the optical line intensity and the number of

potassium atoms for KBr heated to 443°K become much simpler. As shown

in Fig. 4, the intensities of the ground-state potassium atoms increase
0 88

almost linearly (a I ), while those of the excited-state potassium
1 (V*k

atoms increase as I with increasing beam currents.

Discussion

According to existing models of electron sputtering of alkali
(8 91

halides, ' the energy of the incident electrons is lost by excitation

or ionization of the halogen sub lattice. This energy can be converted

into kinetic energy of an H center (a molecular halogen ion occupying

one lattice site) which can diffuse to the surface and result in the

ejection of halogen atoms. The excess alkali atoms remaining on the

sample surface can then vaporize thermally.

Our present results for KBr at T = 443°K are in accord with the

results of Walkup et al./ ' ' who measured the mass distribution and

yield of both positive ions and neutral species from electron-bombarded

NaCl. Since the surfaces of alkali halide crystals at low temperatures

can become alkali-enriched by high-current electron bombardment, they

chose to minimize this effect by raising the sample temperature to

570°K. For NaCl, it has been shown that at sufficiently high temper-

atures (T > 570°K) the surface remains stoichiometric even for high

electron beam currents. Under these conditions, they found the yields

of Na, Cl. Na2, and Cl2 to be linear in beam current from 0.1-10 pA. and

the yields of positive ions of these species to be proportional to the

square of the electron beam current. These results suggest that the

positive ions are produced by gas-phase ionization of neutral atoms and

molecules.
(121

Postawa et al. ' measured the optical emission spectra from NaCl,

CsCl and Csl bombarded by electrons or ions as a function of target

temperature and distance from the sample surface and concluded that in
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the case of electron bombardment most of the observed radiation origi-

nates in gas-phase collisions above the surface. On the other hand.

Tolk et al. ' observed a linear dependence of the optical emission

intensities os electron beam current from NaCl at T = 733°K and have

suggested that the excited states are produced by electronic excitation

of surface alkali atoms.
(121

Postawa et al.v ' suggest that under certain circumstances (low

sample temperature, high electron current) the thermal evaporation of

the alkali metal overlayer totally controls the sputtering, and the atom

yield is independent of electron current. This would lead to a linear

dependence of photon intensity vs current for the gas-phase excitation.

Our optical emission data in region I for KBr at room temperature appear

to be consistent with the above, although the Auger data in region I

seem to show good stoichiometry of our sample surface. To Iks' linear

dependence at T = 733°K is also difficult to understand. Clearly,

stoichiometry of the alkali halide surface seems to be involved as well

as radiation damage in regions II and III of our room-temperature data.

However, more work needs to be done in order to interpret our room-

temperature data in region I.
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Calculated Bethe Stopping
Powers for Protons in Metals

John R. Safoin and Jens Oddershede

University of Florida — Odense University

Presented at the 11th Werner Brandt Workshop

1. Introduction
The question of the dependince of die stopping power of mitrriih for swift protons on

target phase is one of long standing, and great interest A recent review of the problem1 has
compiled results from experiments on phase differences. Unfoctnnaiely, much of die experimental
information is fragmentary as difficult to intrepret, as it deals with results on chemically complex
systems where the Bragg Rule has been invoked during die analysis. In all cases, however, it
seems that the stopping is greater in the vapor phase man in condensed phases, and that the
difference is generally on the order of 10%, at least in the Bethe region. There is also seems to
be an energy dependance of the phase effect, wim an increasing difference observed with lower
projectile energy. There is seme experimental evidence1 that die difference may peak near
the stopping maximum and fall again at even lower energies. Unfortunately, the experimental
evidence is sparce, and in some cases, even conflicting.

The explanation for the increased stopping of vapor over condensed targets is generally
formulated in terms of increased f*yri11Mtr|r *tT»n{ph« on aggregation^, leading to higher mr^n
excitation energies, I, and thus lower stopping powers. Such should apply at least in the Bethe
region. This makes good sense tor metallic targets, or other targets where the valence electronic
structure of the isolated atoms or molecules (vapors) is very different from that in the condensed
phase. [NJJ. However, this does not explain, nor is it even consistant with, the large stopping
power phase differences reported4 for several molecular gasses.]

Our previous calculations of atomic stopping powers and shell corrections5-6 have shown
mat a necessary condition for the calculation of Bethe stopping over die whole range of non-
relan'vistic electronic stopping is that the sopping be considered shellwise, and that the mean
excitation energy be considered as compofed of contributions from individual shells (equivalent
electrons):

(1)

Here, the u* and Ik are orbital weight factors and mean excitation <mgrgie»t respectively {vide
infra). Compareson of nalmiatrd atomic stopping wi± experimental stopping powers7*' leads
to the conclusion that phase dependence of the total mean excitation energy is not as important
as variation in the valenet orbital mean excitation energy. This arrises from the fact mat the
target phase dependent differences in slopping are prevalent at low energies, where stopping by
the valence electrons is predominant.
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Recently a methodology has become available to us enabling us to make solid state calcula-
tions which are consistent with our atomic calculations9'10, and we thus report here comparison
calculations for the phase dependence of the Bethe stopping of several metals for protons in the
energy range 50 keV < Ep < 40 MeV.

2. Model and Computational Method

A. Theory

The computations reported below are carried out using the Kinetic Theory of stopping11,
and for fully charged protons as projectiles. As the computational scheme is described in detail
elsewhere3'6'9'10, it will only be outlined here. The stopping power of a target medium, or energy
loss per unit pathlength, for a swift particle of velocity v can be written (in atomic units) in
terms of the stopping cross section, 3(v), and, in turn, of the stopping number, L(v):

-ig-»M (2)

5(v)= J *L(v) (3)

where Zi and Z2 are projectile and target atomic numbers, respectively. In our implementation,
the stopping number is expressed as an orbital sum:

*(*) (4)

Given a stopping number for scaneicn (in this case electrons) at rest, L°, the Kinetic The-
ory provides a transformation yielding the stopping number, L, for scanners with a velocity
distribution, p(v):

'1 (5)

The zero velocity stopping number is taken as pure Bethe stopping, with orbital weight factors
wt and orbital mean excitation energies Ik-'

g in

a = y/h/2 (7)

Here, 0 is the normal Heaviside step function.
Is coder to ?-«inii»t* the stopping for a target, then, one needs orbital velocity distributions

of the scarteiea [/>k(v)], orbital excitation energies [I*], and orbital weighting factors
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B. Atoms

The stopping of elemental vapor targets should be well represented by stopping calculated
for atoms. The scatterer orbital velocity distributions are obtained12 from Fourier transforms
of numerical Harare—Fock (HF) wavefunctioas13. The orbital mean excitation energies and
weight factors are taken from the work of Inokuti et al.1*.

C. Solids

The necessary ingredients for a calculation of solid state stopping are slightly more difficult
to come by. Previously9'1" we have made use of the relation between the momentum (velocity)
density of target electrons and the Isotropic Comptoo profile (ICP) of the target*

(8)

to obtain the requisite velocity densities [a particularly useful form of L(v) can be obtained by
substituting eqs. 6 and 8 into eq. 5 and integrating by pans10]. As is generally done15, we
consider that me ICP can be written as a sum of core and valence ICP's

where the core is esendally atomic like, and can thus be represeuGsd as a set of HF orbital
ICP's1'. These toe obtained from HF >to*nic calculations. The valence ICP r*i men be obtained
by subtraction of the core ICP from an experimental tool ICP for the solid.

The valence mean excitation energy is also obtained, in the spirit of eq. 1, by separation
into core and valence orbitals:

jJ^ (10)

The core orbitals are assumed to be atomic-like, and thus rfig I&okuti1* »mmir j^*s are used. In
order to determine 1^, the stopping is calculated using I as a parameter. The best value of I
is determined by fitting17 the calculated stopping carve [S(v) vs. v] to experimental data over a
projectile energy range of 23 < Ep < 22JS MeV, a range where the deviations from pure Bethe
stopping are minimal. From the I determined in mis way and the HF core orbital V* . * value
of I*ai can be determined from eq. 10.

Finally, wvai is determined from the total number of target electrons, N, and the care orbital

owe
; t (11)

The core ICP's of Biggs, Mendelsohn t n i Mann1* were subtracted from experimental total
ICP's to yield a valence ICP *nd thence, via eq. 8, a valence scstterer velocity density. Fits
were made to the data of Janrd19 to chain 1,^.
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3. Calculations

A. Transition Metals

As a test case we choose copper. The system is characterized well both in terms of its
Compton profile and its stopping properties. The experimental valence Compran profile of
Eisenbergsr and Reed,30 chained by subtracting a Hanree-Fock core from an experimental ICP,
was used. The profile was fit as described elsewhere9 and the valence stopping cross-section

The total stopping cross-section

> ( 1 2 )
*

was men matched to experimental data. The best fit was obtained for I » 278 eV, Ivai * 115.36
eV. The carve for I * 278 eV (Hg. 1) fits the experimental dam quite well, and the onset of
deviations from the first Bom approximation in tbe low velocity region due to contribution from
the Barkas term are clearly seen.

this work

Janni

Berger&
Seltzer

Ahlen

Ziegler

IHQkffli (atnmir

values)

ref.

19

46

39

43

14

I

I-vaJ

Zn

232

50.11

323.1

330

322 --'

266

278.8

Cu

278

83.04

323.3

322

317

261

268.5

Ni

320

88.46

302.3

311

310

244

251.6

Co

255

115.36

295.3

297

296

231

239.6

Fe

215

93.98

278.2

286

275

219

226.4

Treatment of the 3d and 4s electrons as pan of a common valence band obviates the problem
of 4s, 3d orbital occupancy. However, there is soil the choice of which electrons to consider as
valence and which as care to be made. Since the orbital mean excitation energy for the valence
band is 115.36 eV and for the 3s and 3p orbitals is 165J20 eV and 165.69 eV respectively, it might
be tempting to consider the valence set to be (3s.3n.4s, 3d) tamer than just (4s, 3d) as we have
done. If one does this, one determines 1 ^ * 129.3 eV from eq. 10. Using Hanree-Fock densities
for the various orbitals, the stopping curves for the two choices of valence electrons coincide.

In order to investigate the quality of our stopping cross-section at lower energies, Barkas
and Bloch corrections must be made. As mentioned above, it is difficult to do this reliably as the
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strengths of the two terms are not known very accurately. If, however, we use the Li correction
of Ritchie and Brandt32 with b « 1.4, tbe corrected stopping cross-section falls within the scatter
of experimental data down to v * 3 a.u. (Ep • 225 keV) as shown for Cu m Figure 1. Below this
velocity the (negative) Bloch correction becomes important and the Barkas correction increases
rapidly, leading to large uncertainty in their combined effect.

Toe procedure described above has been carried out for 2b3 3 , Ni^.Co35, and Ft?5. In all
cases tbe fit of the stopping cross-section to tbe experimental data was of the same goodness as
for Cu. The best fit values of the mean excitation energies are given in Table 1.

B. Alkali Metals

Using the ICP for polycrystalline Li of Itch es a!?6, the stopping cross section determined
as detailed above was fitted to the semi-empirical data of Jansri19. Tbe best fit was obtained for
I«50 eV, yielding Irai*10.459 eV. This compares to other representative values of 57219,47.637,
and 40.0 eV3*-39. Tbe theoretical atomic value is 34.00 eV14 . Tbe fit is, as expected, best at
the bigbsr energy end of the range, and deteriorating to "3% for Ep«2.5 MeV. A comparison of
th<» airmrir «nri solid «»*y exaction IT•'£?*? used in these dilmlap"*1? is given in Table 2.

Tbe orbital mean fycitanon «T J £ i M in Table 2 were men osed to produce Bethe stopping
curves for projectile energies from 25 keV to 60 MeV. Tbe curves for gas (atomic) and solid
state Li targets nt pieseuied in figure 2. Tbe difference curve, ix. AS(v) vs. v, where
&S(v) = 5«tem(si) - SMH4(V), is given in Figure 3. It is clear that there is a large dependance
of the stopping on target phase, —d that die specuissioQ that the difference peaks near tbe peak in
the stopping is apparently correct. The behaviour of AS at low energies is dominated by Sana, as
the atomic stopping is nearly three times S n u at these energies. In addition, the position of the
maximum in the stopping broadens and is shifted to higher energies for condensed phase targets.

The valence mean excitation energy for solid Na was also determined by fitting tbe stopping
rf»«y of Janni1' with stopping curves calculated from the ICP's of Itoh era/.3*, in the *»"»» manner
as was done for lithium. The best fit was obtained for a total I of 140 eV and Iv*i of 9.81 eV
(see Table 1). Other accepted values of the mean excitation energy of Na are K3.019,14938, and
14837*39 eV. For comparison, the atomic value14 is 123.14 eV. The stopping for sodium solid
and vapor is presented in Figure 4, and the difference curve, AS(v) vs. v, is graphsd in Figure 3.

Is

2s

2p

3s

Li - atom

109.32

3.29

-

U - s o l i d

109.32

10.459

-

—

<migirv» IUB i*i aj

Na- atom

111036

119.24

124.41

2.46

JU 11« \U1 CIJ

Na-solid

111036

119.24

124.41

9.81

total 34.00 50. 123.14 140.
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4. Discussion
From the Bethe stopping curves presented in the: figures, it is clear that our previous

prediction7'8 (based on comparisons of calculated atomic with experimental solid state data)
that the stopping of alkali metals would be much greater in the vapor phase than as a solid,
was correct. The initial assessment of up to an order of m»gwitivt» difference seems to have
been an over estimate, however, JTU* the raVr****^ xatio is approximately 2.8 near the stopping
maximum. As expected, the target phase is most important in the low energy region, and the
effect is largest near the stopping maximum.

Experimental measurements of vapor/solid stopping ratios are span* at low energies, and it
has not been dear whether the phase dependance of stopping increases or decreases at energies
below the stopping power maximum1*2. fiom Figure 3, it is seen that at least the Bethe stopping
difference decreases again at energies below die region of the stopping maximum. At these low
energies deviations from die first Born approximation become important, however, and Bethe
stopping is not sufficient for a quantitative description of the situation, If one approximates the
the Biirkas and Bloch corrections to the stopping number by die forms given by Lindhard40, then
at any given projectile velocity, the ratio of stopping should go as

As UOSA > Iv*or> one expects the Barkas correction to be smaller for the vapor than for the solid.
As the correction is positive, mis would raise the solid curve relative to the vapor curve, and
one would expect a smaller AS at given v dun mat shown in Figure 3. The Bloch correction
contains no dependence on the mean excitation energy, and at this level of approximation would
only add a (negative) constant to bom vapor and solid supping, and would therefore not effect
AS. Thus we do not expect a qualitatively different behavior of die phase dependent difference
in stopping from that depicted in Figure 3.

At energies above the maximum in stopping, the phase dependencies in the stopping dis-
appear, as expected1;2.

As shown previously9, die difference in stopping by gaseous and condensed targets is
primarily due to differences in their mean excitation energies, which arises from a shift in
the dipole oscillator strength distribution on ffl*Mfr-iw*'fflt This change is largest in the valence
orbitais, and particularly for targets such as metals where die valence electrons are localized in
riv». vapor (atom) *nrf A»I<VII»HH jp jbe fy*v^H'T'nn h»»ff in the yHH in *fa* pir.wnt
differences in orbital and tool mean excitation energies for vapor and solid targets are shown
in Tallies 1 & 2.

In die present orbital formulation for mfrniatim stopping as well as in some previous
stndiei of channeling41, it has been recognised that dw; total stopping power of a target is made
up of contributions from individual electrons, or from shells of equivalent electrons. Depending
on die incident energy, a projectile will men interact primarily wim a subset (orbital) of the
target's electron distribution, determined by die orbital mean excitation energy42. The Berne
formula is only valid for v » v2, die orbital velocity of the scattering electrons. Thus, as the
projectile velocity becomes smaller, the coorributioe of inner shells to the stopping begins to
cut off. Livingston and Bethe44 were die first to compensate for this by separating die K-shell
contribution from mat of die outer electrons in light atoms41 as
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To quote Livingston and Berne44, "... for low energies ... BR becomes negligibly small. ... i.e.
the effective number of stopping electrons as well as the average excitation potential are smaller
than for high energies." Another way of patting mis is mat projectiles of rfifffeimr velocities
sample different regions of the target; only at high velocities do they see the atomic ceres.
Thus the stopping in a particular projectile energy range will be mainly determined by electrons
in only a few orbitals at most; those having the appropriate orbital mean excitation energy.
Therefore, it is die orbital distribution of the mean excitation energy, rather than the total mean
excitation energy that u important for the description of stopping over a reasonable range of
projectile energies.

^}ne can then discuss die duxereoce ̂ ^ tne stopping ox swift protons oy ffiiseops ̂ pn cflnocnsftti
metal targets. At higher projectile energies, in the MeV range, the stopping is governed by the
inner shell electrons which have the larger orbital mean excitation energies. As these electrons
have *irwii»r orbital mean excitation ftnwgiffir in »**y« «nH ^K^T, the stopping is nearly the
same at larger energy. As the projectile energy becomes lower, in the region of the stopping
fruyirnnrn, it i s the valBQCS H W H T 1 * ***** fjctiinmtm the Stopping. A s the s o l i d »nri ptnrf\ii?

OSClUStlQr StDEOfftfl QlSOlOOtlODS MTB IQOCfl QuXCXCOl* tD6 OCulflu 3DCSD CXCXtBtlOQ CDCT̂ SCS

much different, and therefore, so is die stopping. In the case of metals, the valence orbital mean
excitation energy increases by a factor of 3-4 from atom to solid (cf. Tattles 1 & 2). However,
as the orbital mean excitation energy contributes to the total mean excitation energy only in
proportion to the number of valence electrons and the logarithm of I»«i, die effect on die total
mean excitation energy is only on die order of 20-30%.

li is dear that die orbital weights, {«*} , and orbital mean excitation energies, { t } , are more
important to a piupci description of die Bethe stopping over a large energy range than is the total
mean excitation energy L In addition, such an orbital decomposition seems required, if details
of the stopping curves are to be described over large energy ranges.

According to this picture, then, very little target phase dependence would be expected for
elemental systems such as the rare gasses, where the valence electron structure is similar in
vapor and solid phases. Such is indeed the case1-2. [C./., however, Ref. 4]

Our mean excitation energies are lower than most other values for solid state targets, which in
OIK way or another39 are determined s o u to conform to the Bedie stopping fcsmula in a velcraty
region where t^y Baricas *™j Bloch wttw\\n"f may be either neglected or i«M«̂ iwi satisfactorily.
On the other hand, all of diese values are determined in die "single-r formulation, and a single
mean excitation energy is required to characterize die stopping at all projectile velocities. This
is exactly what die present implementation of die kinetic theory does, and even though die
formulation is equivalent to a single I formulation at large v, it leads to <jiff»m»nt results at lower
velocities. In fact, given I, one can split it up in a variety of ways according to eq. 1, and
although the asymptotic behaviour will be die same in all cases, die lower energy stopping will
depend strongly on die way I is decomposed. As expected, at lower v die electrons in die shell
with die smallest I* in die system are most important to die stopping. As one goes from a full
orbital, to valence-t, to single-I ssstmem of a system for die same total mean excitation energy
and velocity density of s eamen , die smallest Ik in die system gets larger. As the calculation
coalesces more orbitals, die stopping at given v gets smaller, and die peak in S(v) vs. v moves
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down and out At large velocities, the difference in total mean excitation energy becomes less
significant, as the core stopping becomes more important (for Cu, me core accounts for 28%
of the stopping at v » 2 a.u. and 45% at v « 40 a.u.) and the core orbital mean excitation
energies remain fixed at their atomic values. Another demonstration of the large v behaviour
can be seen by calculating the stopping cross-section of Cu at v » 50 a.u. We find S1"278 eV

m 0.680 and S1"322 o V» 0.663 (10~1 3 eV cm2/atom); either value is in good agreement with a
value linearly interpolated from Janni's19 tables of 0.674. On the other hand, from the singie-I
expression S^ ' -OJH and S322-0.695 leading to a decided preference for I » 322 eV. The large
solid/vapor phase ^^cnrnccn predicted^'* for metals is ?inderstandable in f^'g context.

For a metallic element, an atomic calculation, which should correspond to the mono-atomic
vapor, gives a nm*i"»""i in the S(v) vs. v curve which is larger and at lower v than measurements
on the solid. Here die outermost orbits! (eg. 4s in die first transition series and ns for the alkali
metals) is quite diffuse and has a very low value of Ikt4; typically I4, * 5 eV. Even though there
are not so many electrons in die orbital it dominitrs die low velocity ( v « l a.u.) stopping for
the free atomic case through its very low mean excitation energy.

When one moves to solids, the valence electrons are more appropriately considered as
conduction band electrons which will be energetically more tightly bound. Alternatively this
can be understood in die context of the local plasma approximation45. There is an increase in
electron density in die conduction band of a metal over that in die diffuse fyrif 4s orbitaL As
die local electron density p(r) increases in the solid, so does die local plasma frequency

(15)

and die mean excitation energy

thus leading to a decrease in the stopping cross-section. In dus model die shift from transition
metal atom to solid corresponds to a shift in die lowest Ik in die system from Id * 5 eV to
Ivai * 100 eV with a corresponding lowering and shift to higher velocities of die *w*yinnww in
die S(v) vs. v curve. The key feature of this model is that die individual electrons in a target
material have separate, additive stopping power, since they are characterized by individual mean
excitation energies and velocity densities. Only the electrons widrin a given orbital or band are
equivalent, and different orbitals dominate die stopping at different projectile velocities.
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The collisional deposition of energy by partially stripped ions,

and by neutral atoms, is studied. A projectile with known charge (and

in its ground electronic state) is considered to interact with a target,

and the expected excitation energy of the target is calculated in a

nonrelativistic high-velocity limit, ignoring exchange. This treatment

has its most natural application to the near-surface region of a target;

i. e. , within a mean free path for changes in the electronic state of

the projectile.

This work was motivated by our group's interest in light emission

from solids under irradiation. In the case of opaque targets, such as

metals, any light observed must come from very close to the surface, in

which case the treatment given here is applicable.

The amount of energy deposited per unit path length, D(v). by a

projectile ion of velocity v in a target gas of species T is given by

the expression.

D(v) = NT 2 *•«., rid , (1)
ij

where N_ is the atomic or molecular number density, as appropriate, of

the gas, a. . is the cross section for collisions in which the projectile

and target (initially in their ground states) are left in electronic

states i and j, respectively, and nu. is the electronic energy of the
J

state j of the target relative to its ground state. For a condensed-

matter target, the product N-xr. . in (1) is replaced by X. . . the
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inverse mean free path for transitions to electronic states i and j. In

either case. D(v) is the amount of energy deposited per unit path

length.

2
The derivation of D(v) benefits from the work of Kim and Cheng on

the related topic of the stopping power of partially stripped ions.

which is defined as in Eq. (1) above, but with (u. + w.) in place of w..

When Eq. (1) is evaluated in the nonrelativistic high-velocity

limit, using the Born approximation and dropping terms that decrease

-2 3 4
faster than v with increasing v. using Bethe theory. ' it becomes

4ire 7LZ,. _ p max ,vD(v) = P J J f |< i
i K .mm

where N_Z_ is the mean number density of target electrons, -e is the

electron charge, v is the initial relative velocity, and K is h times

absolute value of the momentum transfer to T in the collision. Z p and

Pp are the atomic number and electron density operator for the

projectile species P. and

(3)

where the sum is over all electrons in the ion or atom P. K . and K
nun max

are
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(2mv . n
-=— , 1 = 0

(4)
min nv max i

F 1>0

where L_ is the mean excitation energy of the target.

If the order of summation and integration in the above equation are

reversed, the integrand becomes the following.

i I Zp-pp | 0 >|
2 . (5)

which is called the atomic scattering factor of the projectile. (The

order is not reversed completely, since the upper limit is not the same

for the i=0 term and the sum over i>0.) Its asymptotic values at small

and large K are as follows:

q2 . Ka, « 1

Zp-Pp i o>rp-p p 2
Z + n. Ka » 1.

o

if the projectile ion has atomic number Z. contains n electrons, and has

charge qe = Ze - ne. The subscript P is omitted, hereafter, a is the
o

Bohr radius (a = 0.529 A). The above limiting values are just what

should be expected, considering that the projectile scatters as a

particle of charge q at small Ka . while its constituent parts scatter

independently at large Ka .
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The form of the scattering factor of the lithium atom and its ions

is illustrated qualitatively in Figure 1. For the bare ion Li . this

function has of course the constant value of 9, for all K. One sees

from the figure that as electrons are added, the scattering

progressively decreases at small Ka , and increases at large Ka .

It is shown elsewhere that the energy deposition D(v) may be

written in the following form-'

-., % 1 I _ 2 , 2mv r—i
D(v) = 5 • Z f f • In j . (7)

mv e t t eff

where

Z o f f
2 = I (q2 + Z2 + n) . (S)eff ~ 2

2
Note that Z -_ is just the mean of the small-K and large-K values of

the atomic scattering factor. This comes about because, in the

calculation of D(v), Eq. (2). the scattering factor is integrated over

ln(Ka ) between lower and upper limits that are approximately

symmetrical (for large enough v) about the origin, so that its small-K

and large-K values are of roughly equal importance. The constant I

depends" on the values of K . and K , and on the scattering factor at
min max

intermediate values of Ka .
o

Figure 2 shows D(v) for hydrogen atoms, protons, and electrons,

incident on a graphite target. Note that D has been multiplied by the

energy-to-mass ratio E/M, which removes the dominant part, v , of the
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velocity dependence. For the hydrogen atom, the scattering factor

approaches 0 and 2, as K goes to 0 and <°. respectively .as illustrated

in Figure 3. For a proton or electron, on the other hand, the

scattering factor is unity. Since at high velocity the small and large

K values are of similar importance in the energy deposition, the

stronger interactions of the atom at large K approximately compensate

for the missing small-K interactions, so that the hydrogen atom's energy

deposition rate approximates that of an electron or a proton.

Restricted Energy Deposition Rate

The restricted collisional energy deposition rate, D(v.A). is the

lineal rate of energy deposition in the medium, counting only those

collisions in which the amount of energy transferred, ftu., is less than

A. Thus, it is defined by Eq. (1), but with a restriction on the sum

over target states i. A similar measure of energy deposition has been

used as a way of estimating the amount of energy given to a microscopic

portion of a target medium, close to the path of the projectile. It

should similarly be useful in dealing with electronic excitation in the

near-surface region of a solid target. Time does not permit me to go

into detail in this talk, but one example will be shown.

Figure 4 compares the restricted energy deposition rates of H, p ,

and e in a carbon (graphite) target, with A = 5 keV. Comparison with

Figure 2 shows that D(v,A) is the same as D(v) at 1-2 MeV/amu. This is

because at these velocities, none o£ the projectiles considered is

capable of depositing 5 keV in the target (in a single collision). One

sees that for E/M values greater than about 40 MeV/amu. the restricted

energy deposition rate of hydrogen atoms is less than that of protons
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and electrons. This is because the restriction on energy deposition

causes the iow-K regime to become more important than the high-K regime.

I have discussed here both the collisional and the restricted

collisional energy deposition rates of partially stripped ions. The

results may be useful in connection with radiation effects that depend

on the amount of energy deposited close to the surface of a target.
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FIG. 1. Scattering factor of cbe lichiua aeon and ions

I A.M.)
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FIG. 2. Energy deposition rate D(v), multiplied by E/H, fcr
hydroge;! atoost protons, and electrons on carbon.
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MOMENTUM TRANSFER (a.u.)

Fig. 3. Hydrogen atom scattering factor vs. momentum transfer, «K.
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Fig. 4. Restricted energy deposition rate D(v, i),
multiplied by E/M, for hydrogen acorns, protons,
and electrons on carbon, for i • 5 keV.



ENHANCED ELECTRON-CAPTURE AND CHARGE VARIATION

OF MOLECULAR IONS

M. F. Steuer, University of Georgia.

We ask the following question: For molecular ions moving within a stopping

medium, its atomic-ion components separating under the influence of their mutual

repulsion, how do the charges of the atomic ions vary with the dept of penetration? To

address this question, we consider a diatomic, homonudear molecular ion whose center of

mass moves with velocity V in a solid. We can describe this molecular ion as a pair of

atomic ions having equal nuclear charges, Z, each carrying a number, N(x), of electrons

which are bound to their respective centers of force. Let the displacement of nuclear charge

Zl relative to nuclear charge Z2 be described by the internuclear separation R. For a

depth of penetration into the solid, x, the internuclear separation, R(x) = E(0 , wi ' l De

determined by the Coulomb explosion between the interacting charges, ql = q2 = q(x),

where q(x) == Z—N(x). The relative motion of the ion pair may be neglected so that each

atomic ion moves with the velocity of the center of mass; 1.3., V± = V2 = V. For the

present, we restrict consideration to molecular ions whose internuclear axes are aligned

parallel with the direction of the beam.

cm.
V
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An expression for the atomic charge as a function of penetration depth x may be found in

the following manner:

4>T = Molecular ion flux.

0e(x) = Flux per atomic ion of electrons susceptible to being stripped; i.e.,

electrons which are bound in the field of the ion's nuclear charge and

have velocity—magnitudes relative to it which are less than or equal to

that of the beam velocity, V.

N, = Number per atomic ion of electrons not susceptible to stripping;

i.e., those having velocities relative to the ion whose magnitudes are

greater than | V [.

q(x) = Charge of each atomic ion; i.e., number of electrons which have

been stripped.

Nb = Nb(V,Z).

<t> .(x)dq(x)
f

ulx) = Electron loss cross-section.

<rc(x) = Electron capture cross-section per atomic ion.

n = Number of target atoms per unit volume.

Expressing the change in electron flux per atomic ion as a sum of differential loss

and capture terms, one obtains the charge variation with depth of penetration as a function

of capture and loss probabilities; i.e.,

dx = n*e(x)[- er/x) +

qfx) = n[(Z-Nb) <r/x) - ^(x)] . (1)
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We seek an approximate solution for penetrations of a few hundred Angstroms. If we

proceed on the assumption that R increases slowly with x, and q varies slowly and

monotonically with R, we can obtain a solution in terms of average values of the capture

and loss cross sections; i.e..

q(x) =

<ffc(x)>
q(x) = [<Z-N.) - -n ; v K ] [l-exp(-n<cr/x)>x)j. (2)

Single atomic ions moving through solids with velocities near the Fermi velocity

reach a state of charge equilibration after penetrating to a depth of a few atomic layers.

The equilibrated charge is afterward maintained constant through a statistical equilibrium

of capture-loss processes; thus, the electron flux associated with the charge-equilibrated

atomic ion does not change. It will be convenient to express our result for q(x) in t-» .ins of

the electron—capture probability for the equilibrated chargs, q = q(x ). Since the flux

0e(x) for x > x e does not change, we may write for all x > xe,

= 0 = -

a 'q )q )
(Z-N~-q ) • Subs t i tu t inS < a£*) > * ̂ / V in Ecl-

() .() n<7, (qjx
q(x) = [(Z-Nb)(l - ^ - p ) + ^ ( 7 ^ ) ] [1 -e-M-j^^)]. (3)
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For a projectile with charge, q, and velocity, V, interacting with a target electron moving

with speed, v, at radius, a, in the target atom, the Bohr—Lindhard parameters are

faaW" [Distance at which projectile exerts a force
R = iS3d_—a.u. on the target electron which is equal to the

v [the force binding it to the atom.

9 [Distance at which potential energy of the target
R ^ - ^ a - u . electron in the field of the projectile is equal

V [to its kinetic energy relative to the project i le.

For beam aligned homonuclear diatomic molecular ions the Bohr—Lindhard parameters for

single ions are modified by contributions which derive in a straightforward manner from

the presence of an accompanying ion at the internuclear separation, R. We shall call the

modified Bohr—Lindhard parameter R (R) and RJR). These parameters are given in

terms of the single ion parameters and the internuclear separation. Since both R (R) and

RC(R) approach the single ion parameters for large R, we shall henceforth refer to the

single ion parameters as R («) and Rc(a>). The parameter Rr(R) is a solution of the

equation

9 2
 R J( R ) RrW

R J ( R ) - R ? ( . ) [ 1 + — - - I 5 -^1 = 0, satisfying 1 < J J U < (2)1

r r (R2(R)+R2)3/2 V " '

The parameter RJR) is a root of the equation

R-(R) Rr(R)
RC(R) - Rc(o,)[l + ( R 2 ( R ^ R 2 ) 1 / 2 ] = 0, satisfying 1 < ^ < 2.+ ( R 2 ( R ^ R 2 ) 1 / 2
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Using the notation of Knudsen et ai. [1], we write two expressions for the

electron—capture cross-section

= i 2 | , for Rf(R) < RC(R) , and

3
f , for Rf(R) > RC(R).

Using the limits on the ratios of R (R)/R («) and RC(R)/RC(<») we have

() )
1 < - V - r < 2 , and 1 < - = T - T < 8.

Representing the target atom's electron distribution with the simplest version of the Bohr

statistical atomic model, i.e., choosing dn/dv = z ' , Knudsen *>t ai., integrated the single

ion cross-sections over the target electron velocity range ON — O(I/IQ) ' " to a maximum

velocity given by jh. Here I /L is the ratio of the atom's ionization potential to that of the

one electron atom, a is a parameter having a value in the range 0—1 and

0 ~ z~ ' + av Jz. The electron-capture cross-section is expressed as the sum of two
a,

integrals by dividing the velocity interval at the velocity, v . , satisfying ff-,(v.) = <70(v,);

i.e..

v. <2z

ff(Z,V) = \ <x9dn/dv dv + f ^ d n / d v dv.
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Defining a relaxation length, r . , Eq. (3) becomes

q(x) = [(Z-N. ) + (q - Z + N J \ ][l-exp(-x/r )], (4)
u w c v w e ;

Using Ziegler's estimate [2j of 3.05 for q , Knudsen's estimate of 1.8 * 10~ cm for

<xc(qe), and the Lenz-Jensen estimate [3] of 3.759 for (Z-Nb), this relaxation length is 3.94

Angstroms for nitrogen ions moving at 2.2S a.u. velocity in amorphous carbon. The ratio

of capture cross-sections, <a (x)>/<r (q ), can be expressed as a product of an overall

enhancement factor and a ratio of electron-capture cross-sections for the average charge

<q> over the interval 0 to x and for the equilibrated charge, respectively. The

enhancement factors are those described previously for beam—aligned molecular ions; the

electron-capture cross-sections can be calculated using the formulae given by Knudsen

et ai. Multiplying the a. and (X2 contributions in Knudsen's estimate of the

electron-capture cross-section by their respective enhancement factors we obtain the

overall average enhancement factor C as a weighted average, i.e.,

(RC(R)/Rc(«)]3<r2

ff2

The (7, and a* terms differ by only a few percent so this factor may be expressed

approximately as one-half the sum of the individual factors. Because Knudsen's et al.,

electron-capture cross-sections vary approximately as (n~) over our range of interest we

may write

q(x) s [(Z-Mb) + (q e-Z+N b)C(<q>/oJ 2]( l -«cp(-X / r xJj . (5)

In the region 0 < x < 5r we see that q(x) is a product of a function F(q) and the

exponential factor {l-exp(-x/rx)]. For N2 at 2.2S a.u. in carbon

F(q) = [3.759 - 0.709 C(<q>/qe)2 l .
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In the accompanying figure we show an estimated charge fraction for beam-aligned

N9 ions moving at 2.2S a.u. velocity in carbon. We estimate the charge fraction diminishes

to about 0.82 at 100 A and then rises to about 0.S5 at 200 A. The magnitude of the

reduction in fractional charge appears to be what is required to account for the previously

observed diminishment of stopping power of carbon for beam—aligned nitrogen molecular

ions [4j.

The author wishes to thank Rufus H. Ritchie for helpful discussions.
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Electronic Sputtering

R.E. Johnson
Dept. of Nuclear Engineering

and Engineering Physics

Introduction

Electronic sputtering covers a range of phenomena from electron and photon

stimulated desorption from multilayers to fast heavy ion-induced desorption

(sputtering) of biomolecules. In my talk I attempted, therefore, to connect

our detailed studies of argon ejection from solid argon by MeV ions and keV

electrons (•*•' to the sputtering of low temperatures molecular ices by MeV

ions(^) then to biomolecule ejection from organic solids^'. These are related

via changing (dE/dx)e, molecular size, and transport processes occurring in

materials. In this regards three distinct regions of (de/dx)e have been

identified. Since my talk this picture has been made explicit using a simple

spike model for individual impulsive events in which "spike interactions' are

combined lr.nearly. This is described in the recently submitted paper which

follows. Since than time also our molecular dynamics programs (at Virginia and

Uppsala) have quantified both single atom and dimer processes in solid Ar^)

aud the moemntum transport in large biomolecule sputtering*^) .

(1) Reimann, C.T. et al. Phvs. Rev. B 37 1455 (1988)

(2) Torrisi, L. et al. Phvs. Rev. B. 38 1516 (1988). Gibbs, K.M. et al. Phvs

Rev. B 38 11001 (1988).

(3) Sundqvist, B.U.R. Sputtering by Particle Bombardment III (1989).

(4) Cui, S. et al. Phvs. Rev B in press (1989).

(5) Fenyo, D. et al. Phvs. Rev. B submitted (1989).
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Abstract

A simple, unifying description of the sputtering of solids by fast ions is

given using a sum of impulses. For both electronic and collisional energy

deposition the scaling of the yield vs. (dE/dx) is in qualitative agreement

with experiment in three different regimes of (dE/dx) for which the nature of

the ejection process changes: single events, diffusive 'spike', and "pressure

pulse'. At very high (dE/dx) a volume ejection mechanism (linearized 'pressure

pulse') is described in which the yield scales as (dE/dx)^ when the ion

penetration depth is large. This accounts for the dependence of the measured

yield of intact, thermally-labile biomolecules ejected from the solid state,

and roughly describes the measured ejection angles for the intact molecular

ions.
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The use of fast ions in order to produce gas-phase biomolecules from the

solid state^'^) and the studies of ion erosion of ices for astrophysics'3'

have led to considerable interest in mechanisms for molecular ejection. In

spite of this effort certain of the most basic experimental results have not

been explained. Here we use summed impulses to describe the sputtering by fast

ions which penetrate into the sample a distance which is large compared to that

depth at which the deposited energy can contribute to molecular ejection. For

this case we obtain the correct scaling for the sputtering yields produced by

fast ions at very high excitation densities, which has been problematic, and

show how ths relates to ejection at lower excitation density, thereby

providing the first comprehensive picture of the sputtering process.

The energy deposited by a fast ion either collisionally ((dE/dx)n) or

electronically ((dE/dx)e) can lead to a cylindrical track^"^) of energized

material in the surface region. The resulting molecular motion causes this

material to expand against the 'unexcited' material and into the

vacuum"1''"'''^), Fig (la), due to contributions from energized volumes

(impulses) all along the track, Fig (lb). These energized volumes can

represent secondary particle cascades for collisional excitation of a

solid̂ -*-̂ '. For electronic excitation they can represent dissociation of

molecules^1 ll"13) > repulsive impulses between ionized neighbors^), or

expanding, vibrationally-excited large molecules^'1 *•**', all of which produce

molecular motion. At low excitation density the individual impulses act

independently. If their spatial extent is large enough and energetic enough to

eject some species, that yield will be linear in (dE/dx)(6•10"12)

At high excitation densities the energized volumes contribute cooperativelv.

Fig (lb) . The description of this cooperation naxi be complex, particularly in
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those molecules at the edge of the volume exceeds, roughly, some critical

value(16.23)j Pc_ Substituting Eq (3) into Eq (5), Eq(6) becomes

Pc -

where rc is the radius (i.e.,.r-(/>2+22)l/2j into the solid at which the

ejection criterion is satisfied. F is a function which for large te and large

T, equals one, so that the radial extent of the ejected volume is simply

<9 ,dE. 1 1 ,dE. ,,, ,
rc " ; 2 <5>.ff ° V / 3 5 (dx°eff (6b)

The quantities in the denominator were rewritten using the material cohesive

energy: p c a (2MU)1'2> where M is the molecular mass, and « a v- £L, a

characteristic speed (e.g. (2U/M)^/^) times a characteristic length (e.g.

proportional to molecular spacing). The yield is then written in terms of the

half sphere of ejected material^"'^) as

2* 3 C F 1 dE ~I 3

r =

An identical result is obtained for impulses which do not spread (appendix),

so that C is a dimensionless parameter to be determined by the details of the

transport and escape processes. Therefore, the scaling for the sputtering

yield in this high (dE/dx) regime is also seen to be remarkably simple and is

insensitive to the nature of the transport process depending primarily on the

track geometry.

A dependence on (dE/dx), like that given in Eq (7), was first measured by
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If the total energy density of the diffusive 'spike' in Eq (3a) is

sufficiently large at the surface, small molecules may exit from the solid.

This sputtering would occur when the local agitation of the lattice leads to

ejection, often referred to as 'thermal spike' sputtering. For this process

the yield can be written^6•19'20)

Y - J dt J d2p *(«(p,o,t)/nMU)

where * is the local flux of molecules from the surface determined by e, nM is

the molecular number density, and U is the cohesive energy per molecule. When

(dE/dx)eff » nrQ
2 njjU and r - », then for the e in Eq (3a)<7>8^, Y a

(dE/dx)eff
2. Such a dependence of the yield on the deposited energy density

has been established experimentally^-^'2^'22) for electronic sputtering of low-

temperature, condensed-gas solids at excitation densities which roughly satisfy

(njj-1^ (dE/dx)eff/U>l).

In addition the energy density exhibits a gradient radially and towards the

surface, Fig (Id). Therefore, (-Ve) gives a net volume force, "pressure

pulse', (Fig(la)), to the near-surface material dislodging it from the rest of

the solid if the impulse is large enough. The net momentum, p, given to a

molecular volvme, n^"^, in the time te is obtained from the momentum imparted

pir unit volume,

*f£ )- 0 £. (- VOdt - «J (5)

The proportionally 'constant' /9 is, for example, ((Cp/Cv)-1) for a gas.
 T«e

can, roughly, let te - « when describing the total eiecta using Eq (5), but for

ion e-jection the neutralization time may be more appropriate. We assume a

volume is ejected when the normal component of the momentum transfer, (p)n, for
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where r accounts for any dissipation of the energy, then in order to allow

additivity the parameter K, the diffusivity, must be a constant over the time

and spatial region of interest. (The conclusions will be similar for « not

constant.) For an energized spherical volume,

A Ei 2 -2'.(ritt) ^ exp(-r'/r ) exp(-t/r) (2)
(*r )

where r^ is the radial distance from the center of tie contributing impulse and

the mean-square radius of the impulsive is (3f^/2) where f^ - ro^ + 4«t, with

effective radius, r0, and energy AE^ at t - o. Using Eq (2), (-Ve) represents

a radial impulse moving outward and spreading in time, Fig (lc). (In the

appendix the results for impulses which propagate without spreading are

given.)When thsse impulses are widely separated in space or time they can act

individually to eject small species giving a yield linear in (dE/dx) as stated.

The total (summed) energy density in the track^7'8) is

dz.
e(p,z,t) - J^ «(rift) — i - «(p,t)[l+erf(z/r)]/2 (3a)

Here A'*- is che number of energized volumes produced per unit path length along

the track; zj_ and z are measured along the track and p perpendicular,

Fig (la); erf(.x)-2x"1/2 /* exp(-y)dy; and
o

e(p,t) - (dE/ox)eff ^ exp(-p2/r"2) exp(-t/r), (3L)
wr "

which is the value of « at large z, where (dE/dx)eff • AEj/A. Therefore, w»

first consider normal incidence (B-o in Fig. la) and assume (dE/dx)efj is

proportional to (dE/dx) for each of the processes described below.
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its initial stages, if the material is violently disturbed, as in the 'coulomb

explosion' region of a fast ion track^6-15-16) or the center of a dense

collision cascade^^•^). in molecular solids these violently disturbed

regions produce fragmentation. For efficient ejection of intact molecules a

region Large compared to the molecular size^ 8'*^ must be energized. When a

large region about the track is energized then at some radial extent and time

it becomes reasonable to treat the energy transport simply and the energized

volumes additively. This is the approximation invoked here, in which a sum of

impulses is used to describe the sputtering yield at high excitation density.

A similar procedure was used to describe the incident angle dependence of the

electronic sputtering yields^'1"' and as an approximation to the "shock wave'

ejection process^') (appendix). Whereas the nature of energizing process and

subsequent evolution strongly affect the calculated amount of ejected material,

we show that the geometry of the problem determines the scaling of the yield

with (dE/dx).

The individually energized volumes are assumed to distribute their energy

according to a simple transport law and the size of local energy density, e,

and its gradient, (-Ve), are used to describe the ejection of material over a

broad range of (dE/dx). That is, ejection can occur in response to the local

energy density (e.g. as in sublimation). In addition, as « determines the

local pressure in the material, (-Ve) is proportional to the local volume force

providing a directed ejection process. If the energy density propagates

according to^'^3)

V«(Ve(ri,t)) - e/r -3e/3t , (1)



Hedin et al^ 2 4). They showed that the yield for whole (intact) leucine

molecules ejected from a leucine sample by MeV heavy ions varied as (dE/dx)g

for fixed initial track width. Because this was the first, and is still the

only, measurement of intact ejection of large neutrals it was not clear that

the observed dependence on (dE/dx)e had any generality. Recently a classical

dynamics simulation of a track of expanding large molecules also indicated such

a dependence in the calculated ejecta('). The origin of this cubic dependence

is now established via Eq (7) above.

There is additional suggestive evidence for the dependence in Eq (7). The

results for the total sputtering yield^") of £u from EU2O3 varied nearly as

(dE/dx)e^ even though the initial 'track radius' was not held constant.

Earlier Thompson et al^o) showed that the measured sputtering yield in the

cascade regime was roughly proportional to (dE/dx)n^ at very high (dE/dx)n,

although the changing penetration depths could have played a role. Similarly,

at high (dE/dx)e the water ice yields varied faster than quadratically on

(dE/dx)e^^> 2°). Finally, in this linearized 'pressure pulse' description, the

area on the surface of the ejected volume varies as (dE/dx)e^ which is

consistent with measured yields for ice at very high excitation density for

thin samples for which ejecta come from all depths(27) Based on Eq (7), these

results give a consistent picture of the very high (dE/dx) ejection process.

The model described here also predicts the direction of the momentum

impulse, hence the exit angles. For large te, large r, and for p larger than

ro> the momentum impulse can be written (either Eq (5) and Eq (6b) or Eq (A2)

and (A4)) as

P - P c * c \ - 7 * »<l47> (8)
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For molecules on Che surface and b > ro (or > n^"
1/3) this gives a momentum at

an angle to the surface normal of

Fig (lb), where 8 is the incident angle. Since the molecules in the ejected

volume evolve collisionally as they expand away from the surface^**) , a

distribution of angles around these values will be found and the effect of

surface binding should be included. Recently, Ens et al'**' showed that the

promptly ejected, whole molecular ions have an angular distribution indicative

of a 'pressure pulse'. For normal incidence, 0 - 0 , their yield was found to

peak at "50° off the normal, close to 0A - 45° predicted above. For 9-45"

their 8&~ peak in Fig (lb) shifted to roughly 90* to the incident jon

direction. This is consistent with but somewhat larger than the " 68° given by

Eq (10) above.

The model above also gives the average momentum of the ejecta, which

because of the binding is equal to pc/2. That is, the mean energy is

proportional to U as in all sputter processes. For the ejection of intact

molecular ions, which come from the surface layer within a radius R^ of the

track^8'1^^, the mean momentum, * pc( (2^/^) -1) if R^ is much larger than the

damage radius, is larger than that for intact neutrals in agreement with

measurement. The dependence of the yield on incident angle, 8, is also

predicted. For the quadratic, diffusive 'spike' regime this was shown to be

(costf)"1-6 at small ^^7-8\ and for the cubic, 'pressure pulse' regime it will

have a similar dependence(16). However, in these two sputtering regimes the

exit angle distribution of the ejecta differ markedly. In the diffusive

'spike' regime it should not depend very strongly on 8, exhibiting a rough

cosine dependence around the surface normal, modified by collisions^) xn
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the 'pressure pulse' regime- ejecta from the core («*ro) will exhibit a

component back along the 'track'(9,29,30) whereas material from r > ro will

exhibit an angle away from the track as in Eq (10).

In this paper we used a sum of energized volumes (impulses) stimulated by a

number of means ̂ ^ to describe the sputtering of molecules over a broad range

of (dE/dx). At low excitation density (1> njj"1/3 (dE/dx)eff/U) individual

impulses can act to eject species if these impulses are sufficiently energetic

over an area! extent comparable to their size. Single event ejection regions

of (dE/dx) have been established for collision cascade^^) and electronic(•*•-)

sputtering of atoms and certain small molecules'°•^•^'.

When the energized volumes occur close together in space and time they can

act cooperatively. Therefore at low (dE/dx), ejection of 'large' or tightly

bound species will depend on the statistical occurrence of a number of closely

spaced events(!'), resulting in a rapid dependence of the yield on

(dE/dx)(18,19,22) Increasing (dE/dx) the energized volumes will eventually

always act cooperatively to eject 'large' species or to cause additional

ejection of small species by a more efficient use of the energy. For the

latter case this gives the diffusive 'spike' regime of sputtering, which is

quadratic in (dE/dx) when the penetration depth is large. Such a dependence is

well documented for ejection crom small molecule, condensed-gas solids due to

electronic energy deposition^^• **• • ̂ 2) _

For large species the volume ejection mechanism dominates. That is, at very

high (dE/dx) the impulses acting cooperatively form a 'pressure pulse' which

gives an overall outward and radial momentum to a volume of material at the

surface^). This was treated as a 'shock' phenomenon^*' >23) (appendix), which

at very early times might contribute. Here we show that the primary
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characteristics of total yield in this regime can be simply described as the

outward expansion of the material driven by the net momentum impulse from an

energized track. For this linearized 'pressure pulse' the yield scales as

(dE/dx)^ for a penetrating ion and the momentum of the ejecta is correlated

with the track direction. This scaling is a result of the 'track' geometry and

was shown to be consistent with a number of experimental observations. As

large, intact biomolecules cannot be ejected by individual impulses and as the

local energy density is detrimental to their survival the yields should not

exhibit the diffusive 'spike' (dE/dx)2 dependence, but only the 'pressure

pulse' (dE/dx)^ dependence(2k) This will persist down to some 'threshold'(^)

at which rc » rQ. Below this the yield will go to zero rapidly at a rate

determined by the molecular size^18*19'22^ (i.e. the statistical probability

discussed above). The analytic models used here describe the scaling of this

very high (dE/dx) ejection process and shows its relationship to the other

ejection processes. Simulations'-9^ can be useful for obtaining the size of the

yield and a description of the ejected molecule velocity distribution.
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Appendix

The results in Eqs (7) and (9) are also obtained using impulses which do_

spread (delta functions). The volume force for each contributing spherical

impulse can be written for no dissipation

^> - ri > d zidff - F S(r.- vt-r ) — , — x (Al)
1 O 1 O 3 A

ri

where A"^ is the number of such sources per unit path length, of extent dz^.

The effect travels outward at a speed v characteristic of the transport

process. The net momentum for a line of sources (viz. £q(5)) is

P " °M <£T> " "M jo*j
 dfi dt

For normal incidence the normal component is

—> F(z£V ̂ ~ T ' f0r
vA r^ c

Therefore, the escape criterion is satisfied for

F
r - ^ (A4)
c pc vA r^

In the 'shock' model of Bitensky and Parilis^*') the quantity given here as

Fo/A was assumed to be proportional to (dE/dx)^/^, based on the radial spread

of the energy to some critical threshold energy for 'shock'^3) formation.

Although, invoking 'shock wave' formation is inconsistent with treating the
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impulses as linearly addicive, their results may apply to the inner region (r<

r0) in our discussion, giving a 'shocked' region smaller than that affected by

the linearized 'pressure pulse' described here.

It is clear that the impulsive source distribution in Eq (Al) scales as

(dE/dx), via X'^. For example, if the track expansion is initiated by

expanding large moleculesd^) then Fo/A =» (AEex/AR)/L where L is a molecular

size and AE e x is the impulsive energy associated with a radial expansion £R per

molecule. This can be written as " (dE/dx)eff/AR, and the results in £qs (6c)

and (7) are obtained if pcv a U. Therefore, only the determination of C

depends on the assumptions about the energy transport. In this picture the

diffusivity, /c, in Eq(6b) is replaced by v AR.
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Figure Caption

(1) Track of impulses: (a) small vectors indicate expansion around

track of ion incident at angle 9 along z direction, p is radial distance

from track, b is radial distance from penetration point; (b) expansion

represented by summed spherical impulses, d§- are directions of net

momentum for outside track core; (c) radial volume force of an impulse

vs. time (d) summed energy density in Eq (3) along the track divided by

the value at large z,



(b)

(c) (d)
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Introduction
After emission of electrons and photons, hydrogen species

(particularly H°. H2°. H+, H*, H2+ . and H3+) are the next secondary panicles
to leave the surface of a solid exposed to bombardment of fast tons. Their
desorption yield, energy distribution, and angular distribution should
reflect the conditions existing near the heavy ion track at 10'' ̂  to 1 0 ' ' '
seconds after the impact of the projectile. The measurement and analysis
of those quantities should thus provide important and perhaps unique
information about the mechanism of energy transfer from the projectile to
the desorbed species.

In this paper, we present the relative desorption yields of H*. H+,
H2 + . and H3+- measured for several surface conditions using 252cf-Particle
Desorption Mass Spectrometry (PDMS). Details about the experimental set-
up can be found elsewhere (1).

Particle induced desorption: sequence of events
The mechanism of desorption after the impact of a fast ion with a

solid surface is not completely understood. However, it is generally
believed that this event can be roughly described through a series of
processes presented in Figure 1. A fission fragment, having typically an
energy of 1 MeV/nucleon. crosses a 100A layer of material in - 1 0 * 1 7

seconds. The energy loss of the projectile is -1 keV/A and the dominant
interaction is its Coulombian collision with electrons of the medium/outer
shells of the substrate atoms (e.g. for Al, the K shell contributes with a
smaller cross section than the L or M shells). After 10*15 seconds, the
electronic expansion is followed by a contraction towards the highly
positive charged core of the track. Local electric fields of -1 V/A have the
same strengths as in the field emission processes. After 10*13 seconds, a
Coulomb explosion process starts to occur among the positive ions in the
core: the hot electronic plasma has substantially cooled down and is
producing ionic and molecular dissociations as well as vibrationally excited
states. Several hydrogen species can then be formed and emitted with
energies up to 20 eV. Finally, within 10*9 seconds, the thermal shock has
dissipated over an area with a diameter of several hundreds of angstroms
causing the desorption of large molecules.
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Results
Most surface analysis techniques, are not suitable for the detection of

hydrogen on a surface. On the other hand. PDMS yields intense hydrogen
signals, i.e. it is a very sensitive technique for the detection of this element.
Figure 2 illustrates a typical PDMS spectrum of a Cu substrate with a
potential of 8 KV and a vacuum of 10-8 torr. As shown. H+ and H" are
almost always the dominant peaks in the positive and negative spectra,
respectively. Note in particular that H' is the only negative ion detected
and that the positive H n

+ clusters, with n^4. are not visible either.
The ratios of H2+/H+ and H3+/H+ are presented in Figure 3a as a

function of m ' / 2 for a variety of substrates at room temperature: a) Al
covered with AI2O3 (insulator), b) Au (conductor), c) YBa2Cu3O7 (high Tc-
superconductor), and d) graphite (porous non-metal conductor). Figure 3b
shows both ratios of a Cu (covered with copper oxide) substrate under
different conditions: a) at 100°C. b) at room temperature, and c) at 50°C
after having been exposed to pure oxygen.

These figures show: a) the desorption yields of H2 + and H3* are
about one and two orders of magnitude lower, respectively, than the yield
of H+ , b) these relative yields obey roughly an exponential law with
respect to ml/2 (or to the inverse of their escape velocities, for the same
initial energy), and c) the slope of the yield distribution varies with the
state of the surface: in particular, the relative yield of H3+/H+ can change
by one order of magnitude for the same vacuum conditions.

The relative yield of H7H+ was also measured for some samples (the
direction of the extracting electrical field was reversed for the H"
measurement). We have found that this ratio is the order of 1 for the
cases studied.

Discussion
The main sources of desorbed hydrogen are: a) physisorbed or

chemisorbed atomic or molecular hydrogen, b) constituents of surface
contaminant molecules like water, hydrocarbons, mid large molecules (e.g.
CH4 and pump oil), and c) constituents of the substrate composition (e.g.
organic or ice samples) or in solution in the bulk.

The high hydrogen desorption yield observed for all samples
analyzed (including Au or AI+AJ2O3 substrates) indicates that in our
vacuum conditions (10"7 to 10*8 ton) the hydrogen originates from the
surface (first monolayers). Therefore, after the production of the
electronic plasma, the next step that occurs is the interaction of the
secondary electrons crossing the surface with molecules containing
hydrogen.
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The energy distribution of electrons ejected from thin foils
bombarded with 252cf fission fragments has been measured in the 0-10
eV (2) and in the 0.3-3.0 kev (3) energy ranges. These electrons can easily
ionize molecular and atomic hydrogen because the corresponding
ionization cross sections are very high in the 20 eV to 1 KeV range (4). In
particular, the cross section of the H2 + e" --> H2+ + 2e" process is about
10-!5 cm2 = 10A2 for an electron energy of 100 eV. Coulomb explosion
can account for H+ and H2+ kinetic energies up to 20 eV.

An additional and interesting piece of information is provided by
Electron Stimulated Desorption (ESD). It was found (5) that the H+

desorption predominates at electron energies % 50 eV while the H~
desorption predominates at lower energies, with a maximum at -20 eV.
This is due to the fact that at very low energies, there is not enough energy
for ionization, but the electron capture cross sections are relatively
important. The electron collision can only excite valence electrons leading
to dissociation and to neutral or negative ion desorption.

For the panicle desorption process, the axial energy distributions of
several desorbed ions have been measured (6-8). The main conclusions
are: i) the Hn+ species are desorbed with average initial energies of Eo=3-
12 eV, which is always higher than that of the other positive ions (Eo=0.5-
3 eV); ii) both H+ and H2+ energy distributions can be fitted by a Maxwell-
Boltzmann like distribution, corresponding to the same temperature (2-8 x
104 °K); iii) the H3+ energy distribution is roughly fitted by a Maxwel!-
Boltzmann distribution, which is characterized by a temperature lower
than that of the H+ and H2+ distribution*.

In conclusion, the following model can be sketched for the hydrogen
desorption process. H", H+ , and H2+ ions are direct products of electron
capture or ionizations occurring mostly in an electronic plasma stage. The
H3+ ions are formed by interactions between the H and H2 species (as
suggested by similar behavior of H2+ and H3+ in Figure 3), which may
occur either on the sample surface or by collision after their desorption. It
is at this point also that the emission of heavier mass ions, clusters, and
molecular ions starts to occur.
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Figure 1- Chronology of the process occuring in the fast ion induced
desorption.
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1. Introduction

We give in this paper a description of the formalism, algorithms, and

computer techniques necessary for performing a full-scale, ab-initio

calculation of the frequency- and wave-number-dependent dielectric response

function for water. A number of preliminary results are reported and

interpreted vis-a-vis available data. The calculation is performed for

cubic ice (one of several forms of ice), basically in order to be able to

take advantage of simplifications resulting from the invariance to

translation of the system (Bloch's theorem). Two further simplifications

resulted from using the random-phase approximation (RPA, Pines and Nozieres.

1966) and a semiphenomenological crystal Hamiltonian to obtain the band

structure (Parravicini and Resca, 1973).

2. Basic Formalism

We shall describe the crystal in terms of one-electron wave functions

(Bloch functions) ^n(k,r), satisfying the Schrodinger equation:

o n n n i c , r ) . (1)

Here n denotes the band number and k the wave-number vector; together they

label the energy of this electron, En(k). Consider now the same system

subject to an additional time-dependent perturbation, V(r,t) (in our case

the Coulomb interaction between the Bloch electrons and the passing charged

particle). Eq(l) becomes

3TB(r,t)

ih j — = (Ho+ V)T . (2)

The solutions to this equation are obtained in the usual way (Dirac, 1949)

by expanding Tn in terms of the complete set O (q,r)}:

Yn(k*,?) = Ea (q,t) * (q,?) exp(- i E (q)t) , (3)



209

where the time-dependent coefficients a (q,t) are calculated with the method

of variation of constants.

The general formalism can be greatly simplified at this point by making

the so-called random phase approximation according to which each Fourier

component of the potential, V(r,t), describing the perturbation can be

treated independently. Thus we shall take

V(r,t) = V0(it,oo) exp[i(icr - wt)] . (4)

It is customary (and indeed necessary) to multiply Eq(4) by a factor

exp(-6jt|) which, for positive values of 3, insures that as t-»+« the two

systems (charged-particle and crystal) are not interacting. However, all

subsequent formulae involving 3 are to be evaluated in the limit 3-K). This

adiabatic switching on and off of the interaction guarantees the causative

character of the charged particle's effect on the crystal (Wu and Ohmura,

1962).

Using Eq(4) one obtains the following first-order approximation for Y :

,-» -»
Yn(Jt,r) - Un(k,r) - I

L - E (k+q) - En(k)-hw-ih(3
(5)

The matrix element in Eq(5) satisfies momentum conservation: the operator

exp(-qr) couples only Bloch states with wave vectors differing by q. The

second term on the r.h.s. of Eq(5) is the difference, 5^n(k*,r), induced in

*n(k,r) by the perturbation VQ. The problem at hand now is to determine VQ

given the external perturbation, V^x, generated by the charged particle.

V(r,t) can be written fornnlly:
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V = V + V. , (6)
• x in

where V is due to the redistribution of the crystal electrons under the

influence of Vaj{. This change in the electron density, 6p(r,t), is the

source of V. :
i n

^V. = -4ne2 6p(r,t) (7)
i n

while being itself determined (via 5^n) by the total potential, V

Se(r\t) = Z f (£) [|T (ic,r,t)|2 - I* (k*,?)|2]
-* n n n

nk

or
5p(r,t) = Z f n(k) [ | \J/n(k,r) + Svn I - ! ̂ n I ]

nk
nk

In Eq(8) fn(k) is the occupation number of the state |nk>; the sum includes.

then, only occupied states. Eq(8) is a typical problem of self-consistency:

V depends on V i n, which in turn depends on V through Sp.

Following Callaway (1974) one can obtain by solving Poisson's equation,

Eq(7), the following expression for V i n:

- f (it+q)]

q2 n, ,k E (lc+q) - En(lc) - hw + ih6

In line with Eq(4), and the fact that all equations are linear in V, V<x,

and Vin, we have assumed in solving Eq(7) that

V l n ( r , t ) = V{°'exp[i(icr

^ , (10)

crystal volume .
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Remark also that the factor (fn- f ) insures that Pauli's principle is

respected, that is, only transitions between occupied and unoccupied states

are allowed.

By definition, the dielectric response function of the system is given

by:

Eqs(6,9,ll) show that

V0(q,<») = V^'/ e(q,M) • (ID

q • "' k E (k*) E (k*)E (k*+q) - E (k*) - hw + ih0
n

an expression obtained originally by Ehrenreich and Cohen (1959). Once

e(q*,w) is known, one can determine VQ(q,a)) and then, using standard quantum

mechanics techniques (Fermi's "golden rule"), find an expression for the

double-differential cross section for energy and momentum transfer from the

charged particle to the crystal. It is however easier—and perhaps more

instructive—to utilize the following semi-classical argument (Calkin and

Nicholson, 1967):

A particle of charge Ze and velocity v induces a potential

v (?,o = r ».«(?'»t-i?-?'i/c) d?'
l?-r'l

at the point (r,t). Here

p.v(r,t) « Ze 5(r - vt) . (14)
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In Fourier space (and according to the convolution theorem) Eq(13) reads:

p« •>(*,«) = — S(^-v-) , (15)
9 X2

k k
from which the potential associated with the cnarge redistribution, Vin, can

be calculated

v!J'(!?,(*) = V^'(ic,») [sT'itoi) - 1] • (16)

It is the force, F, generated by this latter potential, that acts on the

moving charged particle:

?<?,t> = Ze f-iliL. fdu>eil*<-«tl[-ii?V<°'(k*,co)] . (17)
j (2n) J

From Eqs(14-17) one obtains for the rate of energy loss dE/dt (= ?-v):

The expressions, Eqs(12) and (18), are the relations used in charged-

particle transport in solids. The evaluation of s(k,w) for cubic ice is

described in the following sections.

3. The Evaluation of t(q,oi)

a) The tight-binding formulation

The tight-binding method consists of expressing the one-electron wave

functions, Yn(k,r), as linear combinations of Bloch functions,

„ J i ^ ) *;<? - £v) , (19)
where )^(r) are molecular orbitals. The sum, Eq(19), over the N unit cells

located at Rv in the crystal, insures that the $'s satisfy Bloch
rs theorem.

Since • are a complete set of functions, we can expand
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1 4

U»8(ic,r) = iZ 1 Cs .(ic) #.(it,r) . (20)

For this particular calculation we represent each water molecule by seven

orbitals (5 occupied and two excited).

To find the k-dependent coefficients, C, of Eq(20), we need to solve

the homogeneous system of equations (Callaway, 1974):

.EJH^Cic) - Es(lc) SM(ic)] Cs j (1c) = 0 (21)

for each value of k. In Eq(21), Hi . and Si . are the Hamiltonian and overlap

matrix elements respectively:

= J #*(£,?) Ho *.(it,?)dr (22)

Si:j(ic) = J **(£,?) *j(Jc,?)dr . (23)

The energy bands, E (k), can be obtained from

det|H i r E.S^I = 0 , (24)

which is the condition Eq(21) needs to satisfy in order to have a non-

trivial solution.

The matrix element (form factor) in Eq(12) can be expressed entirely in

terms of Ci. and molecular orbitals. After some algebra involving

Eqs(19,2O) one obtains

F-> (k) a <n,k+qj exp(-iqr) |s,k> =
q,s,n

= £ Cs i(k) Cn (k+q) Z exp(-ikR ) H (-q,i,j) (25)

where we have used the notation

H (ic,s,n) = X exp(ik?) )C(r-Et ) Y{r)dr . (26)
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Finally, with fn(k)=2, fs(k+q)=O (at zero temperature) and

Z > f dk*
(2rt)3 J

one arrives at the following expression for Eq(12):

<»>

It is understood that the index 3 goes over occupied states and n over

conduction bands.

b) Molecular orbitals for H,0

Molecular orbitals (MO) for the water molecule have been taken from the

set of calculations by Snyder and Basch (1972). This calculation employs a

Gaussian basis set, vhich consists of 10 so-called contracted functions,

, defined as follows:

exp(-a.jr
2)

(28)

j-i "ij ij- -' '•-ij)( i + I"i + n i > / 2(r-5i) exp(-ai;.r
2)

i=5,6,...,10

Here, 5i is a unit vector with components ( i,m i,n i); these components are

either zero or one. Each element (H,0) is characterized by a set of

constants Yt >
 ci » *\ •» i» mi» ni•

The seven MOs of H20 are given by:

X,(r) = t Z 0sti ^(r-^) . s=l,2,...,7 (29)

In this expression, t is a label for each of the atoms (t=l-» HI, t=2-» H2,

t+3-» 01), and Tt are the position vectors of these atoms.
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c) Hamiltonian and overlap matrix elements

We have chosen for the present calculation a semiempirical tight-

binding (STB) method of band calculation (Bassani and Parravicini, 1975).

In this method the crystal potential is approximated with a sum of molecular

potentials (exchange terms are neglected). By retaining only one-center and

two-center matrix elements, one can show (Parravicini and Resca, 1973) that

the Hamiltonian matrix elements become [see Eqs(22,23)]:

Hij(it) = (Ei+ E.) Stj(it) - K. .(£) -

- Sa0[E. SL. - <X.(?) | -\ 7 r
2| Xj(?)>] , (30)

where EL and E. are the energies of the MOs ^ and Y. > respectively, and

( 1 if X, and X, belong to the same molecule

0 otherwise

Ki . are kinetic energy matrix elements similar to those of Eq(26).

d) The analytic tetrahedron method (ATM)

The expression, Eq(27), for e(q,co) contains the following integral over

the wave-number vector k:

K E ) = f die ^L(k) . (31)
£ E(k)-E+ihe

Here we have suppressed the index q and retained only the k-dependence

explicitly using: L(ic) - l^,s,n<£>|
2> E(lt) = En(it+q) - Es(ic), E=h«. The

integral is performed over the Brillouin Zone (BZ) of the crystal. The

analytic properties of I(E) lead to:

->
Re[I(E)] = P J die L < k ) (32)

BZ E(k)-E
Im[I(E)] = n J dk* L(it) S[E-E(ic)J . (33)

BZ
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The two quantities, Eqs(32) and (33), are the Hilbert transforms of each

other. An integral similar to Eq(33) is obtained if one wants to evaluate

the density of states, G (E), that is, the number of states per unit cell

belonging to band n and with energy in the interval [E,E+dEj:

G (E) = ——- J die 6[E - En(£)] • (34)
(2rt)3 BZ

The numerical evaluations of expressions such as Eqs(33,34) is quite

involved. The analytic tetrahedron method (Rath and Freeman, 1975; Gilat

and Bharatiya, 1975) used here consists of dividing the BZ in tetrahedra and

perform the integrals in each tetrahedron using linear interpolation to

evaluate the dispersion relation, E(k), and L(k).

e) The cubic-ice model structure

The model used in this calculation is a slightly modified version of

that given by Parravicini and Resca (1973) in their calculation of the

energy-band structure of ice. The fundamental vectors are:

zx - J a0(O,l,l) z2 = \ ao(l,O,l) z3 = \ aQ(1,1,0)

(ao= 12 a.u.). The first unit cell (Rx=0) has two water molecules as

follows:

HI (a,a,a) B3 (a+3,-a+3,a+3)
H2 (a,-a,-a) H4 (a+3,a+3,-a+3)
01 (0,0,0) 02 (3,3,3)

with a = 1.05 a.u. All first and second neighbors are considered in

integrals of the type:

? ? R*u) d? ,

involving a total of 22 cells.
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A. Results and Discussion

The self-consistent field calculation of the H20 molecule (Snyder and

Basch, 1972) produced the following'eigenvalues, Ei (i=l,2,...,7): -559.3,

-37.1, -19.51, -15.43, -13.8, 5.9, and 8.5 eV. The first 5 Hartree-Fock

(HF) energies represent occupied orbitals; however E6 and E7 are virtual MOs

in the sense that they represent states of an electron moving in the field

of the other 10 electrons (for H20) rather than one of those 10 electrons

being excited and moving in the field of the other nine. Eg and E7 (and

correspondingly Xg and X7) do not therefore describe the excited states of

the molecular system (Steiner, 1976). The STB Hamiltonian, Eq(35), contains

these energies and some modifications are necessary.

In their calculation of electronic states in cubic ice Parravicini and

Resca (1973) modify the eigenvalues Eg and E? by subtracting the electron-

hole interaction term (18.7 and 20.1 eV, respectively). In the spirit of

considering the expression, Eq(30), a model Hamiltonian we treat, in

principle, all energies, £i, as adjustable parameters. We review briefly in

the following relevant data against which values of these parameters could

be obtained.

Data on condensed water can be roughly classified in tvo groups. One

group includes spectroscopic measurements concerned with either the relative

spacing of energy bands or the density of states. Thus, Baron et al. (1978)

determined using VUV photoelectric emission the height of the vacuum level

in amorphous ice (the vacuum level is minimum energy necessary to remove an

electron from the crystal; it is measured relative to the top of the valence

band and is equivalent to the photoelectric threshold). Their value (8.7

eV) does not agree with similar measurements by Shibaguchi et al. (1977) who
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deduced a threshold of 10.5 eV. These latter authors also report quite

extensive X-ray or ultraviolet photoelectron spectroscopy (XPS, UPS) for

different forms of ice. They identify valence levels with peaks at about

-10.5, -12.85, -16.7 eV in good agreement vith subsequent measurements by

Abbati et: al_. (1979). Watanabe e_t al^ (1975) carried out VUV absorption

experiments on amorphous and cubic ice. In this latter form of ice they

report two transitions (8.7 and 17.5 eV) believed to be of exciton type as

well as two (unexplained) bands at 14.5 and 25 eV.

A second group of measurements provide data on the dielectric function

of water. They include energy-loss measurements with electrons (Daniels.

1971) and reflectivity spectra (Heller e_t al^, 1973; Kobayashi, 1982).

Their results, although for different phases of water (liquid, hexagonal

ice, amorphous ice), are in fair agreement. The (optical, q=*0) energy-loss

functions, Im(-l/e), reported show two main features (peaks) at 8.4-8.7 eV

and a large structure around 21 eV. This latter is interpreted by Heller e_t

al. (1973) as representing a collective (plasmon) excitation.

Based on those data, the following appears to be a reasonable descrip-

tion of our present understanding of the band structure of cubic ice (Resca

and Resta, 1977; Resca, personal communication): The gap between the top of

the valence band and the bottom of the conduction band is about 10.4-10.5

eV. The density of states in the conduction band peaks around 14.5 eV above

the valence band. The two transitions (8.7 and 10.4 eV) appear in both

cubic and amorphous ice and could therefore be associated with molecular

excitons. Relative to the upper valence band the next two bands are at

about -2.8 and -6.35 eV.

For each series of values we calculate a) energy bands as a function of

wave number vector, k; the calculation is performed for 505 points, k, and
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shown along the symmetry lines, A-X-y!ll-L and &-K( ' (see Figure 1), b) the

density of states (DOS) as a function of electron energy, and c) the energy-

loss function, Im(-l/e), as a function of frequency, w, and for zero-

momentum transfer [the actual calculation was performed at q=(0.001,0.001,

0.001) a.u.J. Figures 2 through 4 show results corresponding to the

following HF energies: -559.1, -34.9, -12.5, -16.^, *",'>, -2.2, -0.03. In

Figure 4 we compare our calculation with the results of Daniels (1971) and

Kobayashi (1982). Although an exhaustive search over the parameter space of

E. was not possible, the result of Figure 4 is typical for the "best

agreement" situation we could produce. Note that a) the data shown are for

hexagonal and amorphous ice (there are no similar data for cubic ice), b)

the differences in energy-loss functions between the two sets of data give

an indication of the role played by the crystal structure, and c) the 8.7 eV

is not expected to be reproduced by this calculation due to its molecular

character. The DOS of Figure 2, while having a pattern consistent with the

band stucture picture sketched above, does not represent the best fit to the

experimental data (the emphasis was on fitting the data of Figure 4 and not

the spectroscopic data). It is, to our knowledge, the first time that a)

the DOS of ice is explicitly calculated and b) this calculation is used to

determine e(q,o>). It is immediately apparent that such a "coupled"

approach, when compared with experimental evidence, submits the theoretical

formalism to rather severe constraints.

There are a number of obvious ways in which further improvement in

these results can be sought. Amongst these we have examined a) the

possibility of increasing the Gaussian base (while using s- and p-waves

only), and b) further extending the number of unit cells included in the

calculation. Neither one of these attempts resulted in significant changes.
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This points towards the necessity of using a better model Hamiltonian along

the lines of a calculation by Resca and Resta (1977) in which they replaced

the STB Hamiltonian with a crystal Fock operator (see Doni e_t al., 1979).

5. Conclusion

In this paper we have examined the possibility of correlating ab initio

calculations of the energy-band structure of cubic ice with its vave-number-

and frequency-dependent dielectric function. Using a semiempirical tight-

binding model Hamiltonian, we were able to reasonably reproduce the main

features of data on both the DOS and the energy-loss function (as mentioned

already, the data are not for cubic ice; perhaps obtaining dielectric data

for cubic ice should be made a matter of some priority in future experi-

ments). It appears, however, that this STB Hamiltonian is still too crude

to be able to take full advantage of the resolution afforded in the

experimental data. Vork towards using more sophisticated Hamiltonians is in

progress.

As an interesting aside, within the limits of the accuracy of the

present treatment, we confirm that no plasmon excitation appears to

contribute to the energy-loss spectrum. Neither £1(0,u) nor £2(0,w) are

close to zero over the whole range 0-30 eV, in contradiction to expectations

from the condition e(q,o>)=-0 which defines the plasmon frequency. This

conclusion has been advocated by Daniels (1971) and opposed by Heller et al.

(1973).
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Figure Captions

FIG. 1. Brillouin zone and the k points of Figures 2 and 5.

FIG. 2. Valence and conduction bands obtained with the following Hartree-Fock

energies: -559.1, -34.9, -12.5, -16.4, -12.4, -2.2, -0.03.

FIG. 3. Density of states (DOS) corresponding to the energy bands of Figure 2.

FIG. 4. The long wavelength limit of the energy-loss function, Im(-l/s),

calculated with the results of Figure 2. Also shown are data for

amorphous ice (Daniels, 1971, short dash) and hexagonal ice

(Kobayashi, 1983, long dash).
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Figure 1
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\
\

' /

Ptrtun of a sheet of mica that was exposed to 10° thermal neutrons per em and then etched 30
min in hydrofluoric acid. Fission fragment tracks (about J0~l cm tong) were emitted from a i>arlicit
of uritnary dust containing I ppm of uranium.
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FUNDAMENTAL QUESTION--How do tracks form on insulators
following the passage of swift) densely ionizing
particles?

o Most of the energy deposited does into electronic
excitation and lonization rather than into nuclear
motion

o Particle tracks are narrow ( <50 A radiusJi stable
chemically reactive centers of strain composed of
displaced atoms rather than of electronic defects

o Particle tracks are not found in good conductors

o Sputtering yields fron proximate surfaces are much
greater than predicted by conventional atomic cascade
theory

-Sputtered atoms are primarily neutral» have energies
" 1 eVi yields " (stopping power)11 t where n>2
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CORE-PLASMA MODEL

Delta-ray
electrons

o Expansion of core driven by mutual Coulomb repulsion
of par t ia l ly compensated core ions
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ASSUMPTIONS

o Evolution of the delta-ray electron distribution
followed in space and time in a starkly simplified
model

- Cylindricalla symmetric geometry
- Continuous slowmd-down of electrons
- Self-consistent electric fields
- Electrons drift toward core after thermalization

o Core-Plasma resion allowed to expand during ejection
and return of delta-ray electrons

o Collisional energy losses by ions included

o Expansion of core resian stopped when Coulomb forces
insufficient to break bonds at core perimeter

o Auser recombination in core resion included

o Sputtenna from proximate surfaces modeled

o Detailed calculations done for Si OS
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EQUATIONS TO BE SOLVED

E . = energy of the j group of electrons
" J

r . = radial position of the j group of electrons

E, = energy of a representative core ion

r. = radius of the core region

S(E) = stopping power of the medium for an electron with energy E

L(E) = transport mean free path of an electron with energy E

X(r .) = charge per unit length in the region R < r .at time t

\i = mobility of a thermal electron in the medium

Zj = charge of an ion in the core-plasma region

n = density of ions in the core region at t = 0

f(t) = fractional charge of the core region at time t

T ^ [S(E .) + L(E .)e X(r .)/r .1
ej L v ej y v ej y v e j ' ej J

\

Collisional Term representing energy loss to the

loss term self-consistent electric field
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EQUATIONS TO BE SOLVED

r., B e f o r e

r €/dt» -2u. x(r j/r
 2 . — After thermalization

t)]f2(c)/(2-f(t)) Coulomb repulsion term

" P(t)ET]- 9 CKCZ^)5* P(t)E] Collisions! loss term

r r ( t ) .

Diffusive motion

of core

e^-u/Ej). Sputtering y ie ld
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CONCLUSIONS

• Results are encouraging

• Calculations of yields, track radii, etc. as a function of projectile

energy will be made

• Extension of work to other insulators will be carried out



237

1 , cu

5f~
cu en

s

U_Q:UJLJ



I
A

R
A
Y

D

S

R

B
U

0
N

10-1 -
In i t ia l Distribution
SO MeV Cl Ions in Si08

10-2

10
-3

CD

10

10
0

10 Energy-eV



239
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EVOLUTION OF A TRACK CORE
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PHASE EFFECTS FOR ELECTRONS IN LIQUID WATER AND WATER VAPOR**
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The objective of these studies is to compare transport, energy

loss, and other phenomena for electrons in water in the liquid and vapor

phases. Understanding the differences and similarities is an

interesting physics problem in its own right. It is also important for

applying the relatively large body of experimental data available for

the vapor to the liquid, which is of greater relevance in radiobiology.

This paper presents a summary of results from a series of collaborative

studies carried out by the authors at Oak Ridge National Laboratory

(ORNL) and the Gesellschaft fur Strahlen- und Umweltforschung (GSF). In

these studies, identical calculations were performed using two Monte

Carlo computer codes: the ORNL code, OREC, for liquid water and the GSF

code, MOCA, for water vapor. More extensive discussion of this work can

be found in the following references•'

1. J. E. Turner, H. G. Paretzke, R. N. Hamm. H. A. Wright, and
R. H. Ritchie, "Comparative Study of Electron Energy Deposition and
Yields in Water in the Liquid and Vapor Phases," Rod. Res. 92.
47-60 (1982).

2. J. E. Turner, H. G. Paretzke, R. N. Hamm, H. A. Wright, and
R. H. Ritchie, "Comparison of Electron Transport Calculations for
Water in the Liquid and Vapor Phases," Proc. 8th Symp.
Microdosimetry, Jiilich, pp. 175-185, Commission of the European
Communi ties, Luxembourg (1982).

3. J. E. Turner, H. G. Paretzke, R. N. Hamm. H. A. Wright, and
R. H. Ritchie, "Effects of Phase on Electron Transport in Water,"
Report ANL-82-88, pp. 91-100, Argonne National Laboratory, Argonne.
IL (1982).

4. H. G. Paretzke, J. E. Turner, R. N. Hamm. H. A. Wright, and
R. H. Ritchie, "Calculated Yields and Fluctuations for Electron
Degradation in Liquid Water and Water Vapor," /. Chem. Phys. S4,
3182-3188 (1986).
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The principal results are summarized here in a series of figures

with self-contained legends. They are grouped into five general areas:

1. Physical differences. Figs. 1 - 4 .

2. Average quantities. Figs. 5 - 7 .

3. Transport phenomena. Figs. 8 - 9 .

4. Fluctuation phenomena. Figs. 10 - 12.

5. Event correlations. Figs. 13 - 14.

"Research sponsored by the Office of Health and Environmental
Research, U.S. Department of Energy, under contract DE-AC05-840R21400
with Martin Marietta Energy Systems, Inc.
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Energy(eV)

r i g . 1. Ratios of ionizacion and total inelastic cross sections as functions
of electron energy in the two phases (Refs 1.4) Except at low
energies, ionization accounts for a larger share of the inelastic
cross section in the liquid, than in the vapor *e calculate
W = 25 eV/ip for the average energy to produce an ion pair in the
liquid, compared with * = 33 eV/ip measured and calculated for the
vapor (Ref. 1).

ion.

Liquid, with exchange

— Liquid, no exchange

10 102 103

Energy (eV)
Fig. 2. Inverse mean free paths as functions of electron energy fRef -i)



2 4 5

0.06

Energy toss (eV)
Fig. 3. Nornalized single-collision energy-ioss spectra for 5-keV electrons

Collision spectra in liquid water are somewhat harder than those in
the vapor. This fact, coupled with the lower binding energies of
the outer electrons, contribute to the lower w value in the
condensed state {Ref. 4).

0.20

5 10

DISTANCE '41

rig. 4. Nonlocallzation of energy losses occurs only in the liquid The
calculated displacement occurs for losses up to SO eV and is a
function of electron energy and energy low. This figure shows the
relative frequency of displacements for collisions by electrons of
energy 100 eV. 1 keV. and 10 keV. averaged over all energy losses
See R. ft. HMMKL. J. E. Turner. R. H. Ritchie, and H. A. Wright Rod
Res. 12J. S-20 (1985). (Figure previously unpublished )



246

300 -

g 2 0 0 -

£ '00

•

_WKKJT f

• ''J

o j

i1

i

Liquia.no tnfange

\ Liquid, with ncnanqi

V" J

. . . 1 ."

10' 10 •< toJ 10"

Enwgy leV)

Fig. 3 . Mass stopping powers as functions of e lectron energy (Ref. 4 ) .
"Liquid, no exchange" i s from Ref. 1: "Liquid, with exchange." Ref.
4: "Vapor." Ref, 1: Open c i r c l e s . ICRU Report 16 (1964): Crosses.
H. Terrisol et a l . . Proc. Sixth Synp. Hicrodoiimetry (1978): "Ref.
39." ICRU Report 39 (1984).
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10'

ENERGr lev)

Fig. 6. Slowing-down spectra for 1-keV and 10-keV electrons in the tw
phases (Ref. 1) .
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Energy (eV)
Fig. 7. Calculated total and partial yields for ionizations from various

•Mr (Ref"*"1" V a P ° r "** ' i q U l d """"" M f u n c " o n * o f « » « t ™

ORNL-DWG 81-11382

I I

1-k«V ELECTRONS

VAPOR

H00 200 400
DEPTH HOm*g/cmz)

6 0 0

Depth dose curves for a broad, oarallel bean of 1-keV electrons
starting at a depth of 0 and traveling initially toward the nent
Because of the generally harder collision spectrum, buiioup is
faster in the liquid. Area under the two curves is tn» sane (energy
conservation) (Ref 1)



248

ONNL-OWS SI-11JI3

10°

10"1

10"

1-keV ELECTRONS

DEPTH* 285

, VAPOR

LIQUIO-

100 200 300
RADIAL DISTANCE M0~*g/cmz)

400 500

Fig. 9. Radial dose distributions around a pencil beam of 1-lceV electrons at
a depth of 285 iua. (The s a w electron histories were used to
calculate Figs. 8 and 9.) The nonlocallzation of energy losses in
the liquid greatly flattens the radial dose close to the tract-
compared with the vapor (Ref. 1).

ORNL-OWS •I-1137JH
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Fig. 10. Fano factors. The lower values at energies above ~30 eV are
consistent rich the lover W value for the liquid (Ref. 1)
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NEAREST-NEIGHBOR DISTRIBUTION
All. INCUSIK CVtNTS, 100-EV OXCTHOHJ

vtron UQUIO. NO SMC**

Fig. 13. Preliminary calculations of the nearest-neighbor distributions for
all Inelastic events in the tracks of 100-eV electrons. The
"Liquid-No S«emr" curve is obtained by "turning off" the
nonlocalization of energy-loss events in the code for the liquid.
Work still in progress.

0KM.-0W* 47-1IZU

0-9 -

I I I I i I I I

0.1
ENERGY (ktV)

Fig. 14. Preliminary results for mean distance between all Inelastic events
and between ionizatlons in tracks of electrons with initial energies
up to 10 keV. Work still in progress.
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PHYSICAL AND CHEMICAL INTERACTIONS IN
IRRADIATED WATER CONTAINING DNA*

H. A. Wright1. R. N. Hamm1. J. E. Turner1. C. E. Klots1.
and Wesley E. Bolch2

health and Safety Research Division
Oak Ridge National Laboratory

Post Office Box 2008
Oak Ridge, TN 37831-6123

department of Nuclear Engineering
Texas A&M University

When a charged particle interacts with liquid water it undergoes

inelastic energy loss events that produce ionizations and excitations

of water molecules. The electrons produced during ionization events

may have enough energy themselves to produce further ionizations and

excitations in slowing down to subexcitation energies. These physical

interactions occur very rapidly — within 10~lSs in a local region of

space — and result in the production of ionized water molecules

(H20*), excited water molecules (H20*) and subexcitation electrons.

During the prechemistry period to approximately 10~l2s chemically

reactive ions and radicals are formed. Subsequently, these ions and

radicals diffuse through the water and react chemically with each other

or with other molecules that may be present in solution.

We have developed a Monte Carlo computer code to simulate these

physical and chemical processes in liquid water. The code transports a

^Research sponsored by the Office of Health and Environmental
Research, U.S. Department of Energy, under contract DE-AC05-S40R21400
with Martin Marietta Energy Systems. Inc.
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1000 a"

Fig. 1. Location of inelastic erents produced by a
5—keV electron and all of its secondaries in liqud water.
Original 5-keV electron started at the origin trareiing
toward toe right along Y u s . Ticlu are 1000 A apart.

Fig. 3. Political of chemically reactive species in
segment! of the tracks of protons and aipna particles at
Tinoni energies.

5 0 A*

Fig. 2. Location of chemically retctire speaes in the
beginning of the track shown in Figure 1.

Legend: <S , H; A , OH; * , e~ ; 9 , HjO* Fig. 4. Pootion and number of chemically reactive
speaes remaining at vanoui times i i j j ; * ionc
segment of an B—MeV alpha-partide ttau

REPRODUCED FROM BEST
AVAILABLE COPY
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charged particle and all of its secondaries through liquid water and

tabulates the position and identity of each physical interaction. It

then calculates the position and identity of each chemically reactive

ion or radical produced in the track. Note that since the code

calculates the total energy lost and the number of ions or radicals

produced, the G-values (number per 100 eV energy loss) can be tabulated

for each species. The result of one such calculation is shown in Table

I. For calculations of the chemical development of the charged

particle track, the chemical reactions that occur and their reaction

rate constants must be input into the code. These are shown in Table

II. The reaction radii, R, and reduced radii, a, are used in the code

to simulate the diffusion and chemical reactions that occur (Wright, et

al., Radtat. Prot. Dos. 13, pp. 133-136. 1985).

As an example of the results of the calculations. Figure 1 shows

the positions of the inelastic events (ionizations and excitations)

produced by a 5-keV electron in slowing down. Figure 2 shows, on a

larger scale, the positions of the chemically reactive species in the

beginning portion of the track shown in Figure 1. Figure 3 shows the

position of chemically reactive species in segments of the track of

protons and alpha particles of several energies. An example of the

chemical evolution of a track is shown in Figure 4.

In order to estimate the chemical interactions that might occur on

a segment of a DNA molecule in aqueous solution, we consider a very

crude model for a segment of the DNA double helix as a right circular
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• : - ( . • .

Fig. 5. Position of reactive chemical specie* in a
segment of the track of a 1-MeV proton.

Fig. 6. Further enlargement of the track in Fig. 5
superimposed on a segment of DNA. The dots on the
DNA cylinder represent alternating "sugar' and "base"
reactive sites.

4 M«V ALPHA

• ' . : • .

4-M«V ALPHA
"» •

"••.-V'

io-'» •

1-M«V PROTON

i

10-M»V PROTON

Fig. 7. Segments of the track of a 4-MeV alpha,
1-MeV proton and 10-MeV proton superimposed on a
segment of DNA. The dots in the tracks represent
positions of chemically reactire species, and dots on the
DNA cylinder represent "sugar" and "base" reactive
sites.

Fig. S. End view of a 4-MeV alpha-partide track
paning 5 nm from the center of a DNA molecule at
different times dating the chemical development of the
track. In this calculation, it is assumed that scavengers
for the chemical species in the track are present ;n

solntion with a scavenge time of l t f 8 s.

REPRODUCED FROM BEST
AVAILABLE COPY
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Fig. 9. Chemical reactions, as a function of time after
passage of the primary particle, between two reactants
in the track and between one reactant and the DNA for
various particles.
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Fig. 10. Density of reactive chemical species in the
tracks of a 1-MeV proton and 4-MeV alpha particle
compared with that around the site of the decay of an
Auger cascade emitter Pt-193 m.
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cylinder of diameter 2 nm with alternating "base" and "sugar" reactive

sites on the surface of the cylinder. We also consider the reactions

that can occur at these "sugar" and "base" sites to be those shown in

Table III.

In order to get some feeling for the relative size of the DNA and

a charged particle track, in Figure 5 we show a segment of a 1-MeV

proton track, together with an enlargement of a portion of the track.

Figure 6 shows a further enlargement of the track in Figure 5

superimposed on a segment of DNA. Figure 7 shows segments of the

tracks of a 4-MeV alpha, 1-MeV proton and 10-MeV proton superimposed on

a segment of a DNA molecule. Figure 8 shows an end view of a 4-MeV

alpha particle that passes 5 nm from the center of a DNA molecule.

Figure 9 shows an example of the kind of results that can be

obtained with the computer code. The figure shows, as a function of

time after passage of the primary particle, the number of reactions

between two reactants in the track and a site on the DNA. In order to

compare the results for different radiation, the results are normalized

to the number of reactants that would be in a cylinder of radius 30 nm

around the DNA. There are more reactant-reactant interactions in the

tracks of high-LET particles than in those of low-LET leaving

relatively fewer reactants to interact with the DNA.

We show in Figure 10 the density of chemical species in the tracks

of a 1-MeV proton and a 4-MeV alpha with that around the site of the

decay of a Pt-193m Auger cascade emitter. Some radionuclides decay

producing a number of essentially simultaneous Auger electrons. The
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system would then respond to the collection of simultaneous low-LET

electron tracks as to a single high-LET track. Finally, Table IV shows

the calculated number of direct and indirect interactions on a DNA

molecule from various types of radiation. A direct interaction is

defined as a direct physical interaction occurring within the DNA

cylinder, and an indirect interaction is defined as a chemical

interaction between a site on the DNA and a reactive chemical species

produced in the surrounding waater.

In summary, the calculations mentioned here show promise o£

helping to identify the fundamental interactions produced by radiation

in biological molecules. These calculations represent the first time

that initial physical interactions have been linked directly with

subsequent chemical events in liquid water. An experimental program

has been initiated to permit direct comparison of these calculations

with measured values of products produced by irradiation of biological

molecules in aqueous solution. The experiments can verify the

calculations, and the calculations can help identify the specific

reactions that occur.
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Track ''Core" Effects in Heavy Ion Radlolysi3

Robert Katz and Guo*Rong Huang

University of Nebraska, Lincoln NE 68588*0111

ABSTRACT: Though there is no evident track core in the radial
doae distribution about the path of an energetic heavy ion,
whether by measurement or calculation, the term has been given an
air of reality by assigning to it a dimension, typically the Bohr
adlabatic limit, showing the core as a discrete step in a. graph
of the radial dose distribution, and by describing the response
of various detectors as having a penumbra contribution and a
track core contribution. Since track theory does not recognize
the existence of a core in energy deposition, these so-called
track core effects must have another explanation. In track
theory they are attributed to detector characteristics rather
than to the shape of the dose distribution. Thus insensitive
detectors which are only activated when several delta rays pass
through a target are preferentially activated close to the ion's
path while sensitive detectors activated by single electrons can
be activated at all distances to which delta rays penetrate. We
here analyze some recent 'data from radiation chemistry, namely
that of LaVerne et al. on the production of H02' radicals in
water, and of Ha in benzene, by energetic heavy ions, and attri*
buted by these authors to "track core effects", on the assumption
that these are 2*or»more hit processes.

INTRODUCTION

Three recent papers by LaVerne et al. (1) (2), (3), describe
what are called track core effects in radiation chemistry, deal-
ing with the production of H02" radicals in the heavy ion
radiolysis of water and of H2 in the heavy ion radiolysis of ben-
zene.

Since our calculations of the radial distribution of iose
have shown that there is no "track core" (*») and that no track
core is needed in the track structure analysis of the response of
the Fricke dosimeter to energetic heavy ions (5) we have under-
taken a track theory analysis of these more recent data.

The response of the Fricke dosimeter differs in a signifi"
cant way from these measurements in water and benzene, in that
the G values of the Fricke decline with an increase in LET while
these measurements display an increase in yield with an increase
in LET. We take this as an indication that the Fricke dosimeter
is a i««hit process while these responses in water ar.d benzene
arise from 2*hit processes, and here describe the results of our
attempt to ascribe parameters to these processes.

We note that our assignment of these as 2»hit processes is
not inconsistent with the speculations of radiation chemists.
Thus the production of HO,* radicals is believed to require two
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water molecules, and to be produced in the second order reaction
of hydroxyl radicals with hydrogen peroxide. Alternatively a
similar high order reaction involving the ionization of H20j has
been proposed. The production of H, from benzene may involve the
bimolecular reaction of excited near neighbor molecules. There is
presently no quantitative model of these processes, either
mechanistic or parametric. This paper provides a parametric
model which yields a remarkable fit to the heavy ion data. 3ut
we must point out that our parametric model is not simply a
spline fit to the data, but is based on a track theory which is
well developed for a wide range of detectors.

PROCEDURE

Our procedure in track theory is to assume a functional fora
for the response of a system to gamma rays, given as the proba-
bility for activating the target of a detector as a function of
the dose of gamma rays. These typically take the form of the
multi*target or the multi*hit models of biological target theory.
In the present case we have chosen the 2»or"aore hit function
arising from the cumulative Poisson distribution, which gives the
probability that a target will receive 2*or»raore hits as a func*
tion of the number of trials, A.

P(2,A)-1-(1+A)e~A CD

We take the number of trials at dose E to be the ratio of E in
the dose Eo at which there is an average of 1 hit per target so
that the number of trials is

A-E/Eo (2)

This choice is in conflict with the existing data, for the
authors have indicated that the yield is Independent of dose of
gamma rays. From the viewpoint of track physics one cannot
obtain an increase in yield with an increase in LET if the yield
from gamma rays is independent of dose. This point must be
resolved experimentally in future, presumably with single pulses
of energetic electrons of varying intensity.

Having chosen a functional form to describe the gamma«"ray
dose* response relationship we now make use of our calculations
of the radial dose distribution about an ion's path to find the
radial variation of activation probability. To do this we first
assign a size to the target region, which we take to be a chunky
eyliinder of radius a0 whose axis is parallel to the ion's path.
We then find the average dose within the target as a function of
the radial distance of its axis from the ion's path. Given the
dose in the target we find the activation probability, and
integrate the activation probability radially to find the activa-
tion cross»section, <r. Note that the activation cross section
comes from all the excitations and ionizations about the ion's
path, not either the "core" or the "penumbra" but both of these.
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If N Is the number of targets per unit volume, the product
<rH is the number of activated targetsvper unit path length.
Dividing by the stopping power L yields the number of activated
targets per unit energy deposited, which, properly translated
into appropriate units is the G value, the number of activated
targets per 100 eV of energy deposited by the ion. Thus

G - o-N/L (3)

Since the experiments of LaVerne et al. were done with stopping
particles we must integrate along the ions path, We find the
average value of the cross section by integrating <r dr over the
range R of the particle, and divide by R to find the average
cross section. To find the average stopping power we divide the
Initial energy T by R. We take the number of targets per unit
volume to be the reciprocal of the volume occupied by a sphere of
radius a0. We assign values of Eo and a0 which yield the best
fits to the experimental data. Thus we strive to fit the experi-
mental data with 3 parameters. The hittedness, C-2, the dose of
gamma rays at which t;.ere is an average of 1 hit per target, So,
and the radius of the target volume, a0. Our model is statist!*
cal and parametric rather than mechanistic. No mechanistic
explanation of these phenomena is presently available.

The calculated cross section yields the G value only in the
event that the activation is by a single passing ion. We refer
to the damage produced by a single passing ion as "ion'trill". At
low fluence where ion paths are separated by a distance greater
than the range of the most energetic delta ray, this is the only
mode of activation. At high fluence the ion'-kill mode predom*
inates for slow heavy ions. With fast heavy ions, or with light
ions there is a significant residue of partially damaged targets
which are not activated by a single ion. Indeed the tract* of a
3ingle ion may resemble widely separated beads on a string. 3ut
targets between the activated ones may have been sub«-acti vated,
as having experienced 1 hit when 2 are required. These nay .nay
Se activated by the delta rays from another passing ion at high
fluence. We call this process "gamma*kill" for it resembles the
manner in which targets are activated by the secondary electrons
from gamma»rays, and therefore follows the functional fora of Ec.

In the analysis of biological cell survival the same argu*
sent is carried forward. We calculate as if the original cell
population is exposed only to the ion*kill mode of killing, which
is described by an exponential function. We then assume that the
survivors of the ion»kill mode are the initial population for the
gamma-kill mode, and that the fraction of the initial dose which
Is effective in the gamma*klll mode can be estimated from the
fraction of surviving cells along an ion's track. This analysis
enables us to parameterize cell survival in a heavy ion irradia*
tion (6). The same argument has been used to interpret some
results obtained in heavy ion lithography (7). To carry this
type of analysis forward for the present case we would like to
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have information on the variation of yield with dose at a wide
range of doses up to several times E o.

In the present case we do not know the dose to which the
materials, water and benzene, were exposed. If the fluence of
ions is sufficiently low so that there is little possibility of
overlap only the ion*kill contribution need be considered. At
higher fluence, and for light ions like hydrogen or helium or
lithium, and for fast heavy ions, we expect that the neglect of
the gamma*kill contribution may be significant, and our calcula*
tion baaed on ion*kill alone should underestimate the experiment
tal results.

RESULTS

Our results are shown in Figs. 1*3-

In Fig. 1 we compare the experimental and calculated G
values for the production of H02" radicals in water with parti-
cles from H to Ni at initial energies up to HO MeV. Our choice
of parameters is based on the fit of our calculations to the more
energetic ions in Fig. 2. We must raise a question about the
possibility of experimental problems with these measurements, for
an alternate explanation, that our theory is in error for ions of
energy below no MeV is set aside by examination of Fig. 3.

In Fig. 2 we display the results for the same radical pro*
duction with particles of energy up to 500 MeV. Here the fit of
our model to data is good for Ni, 0, and C ions, but there is
disagreement for Me ions, for which we have no explanation.

The parameters we have assigned to this process are Eo

8.5*10* Gy, a, • 0.5 nm, and the minimum number of hits required
to activate a target c • 2. These values imply that the "energy
deposited in the target volume" when there is an average of 1 hit
per target is about 30eV. The "radius" of the water molecule,
approximated as a sphere and calculated from the density of
water, the molecular weight, and Avogadro's number is 0.2 nm.

Our results for the production of H2 in benzene are shown in
Fig. 3. The parameters used are Eo - a.5*10* Gy, a0 - 0.4 nm and
c - 2. These values imply that the "energy deposited in the tar*
get volume" Is about t" eV when there is an average of i hit per
target. The "radius" of the benzene molecule, approximated as a
sphere, and calculated from the density of benzene, the molecular
weight, and Avogadro's number is 0.33 nm.

DISCUSSION

If we insist that the number of targets per unit volume is
the reciprocal of the volume per target, our parameters are
tightly constrained, to about 51. We cannot further analyze the
model for consistency with the data without knowledge of the
doses and beam fluences used in these experiments. Our results
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for the haavy ions are compatible with the data only if the prin*
oipal node of activation is by "ion*killn, which is certainly the
case if the fluence is small so that overlap of delta rays from
adjacent ions is negligible, or if a large fraction of the sensi*
tive targets intersected by the ions are activated.

It is inconsistent with our model that the G values for x*
rays and light ions are independent of dose. Expansion of Eq. 1
in lowest order gives a quadratic response with dose for x* or
gamma*rays. The experimental findings claim the G value for x»
rays to be dose independent. This cannot be the case unless
there are dose rate problems. ' To test our assertion one should
irradiate these materials with pulses of energetic electrons
whose duration approaches the transit time of a fast ion past a
molecule, or at least is short compared to the lifetimes of
excited states or intermediate radicals, or the time for the pri*
nary reaction products to diffuse away from their initial site by
several molecular diameters.

The shape of our plots of yield vs. initial energy disagrees
with the data for ions in Benzene of less than 15 MeV of initial
energy. For this we have no explanation. The problem may be
with our use of an empirical expression for the effective charge
for both stopping power and radial dose calculations for these
relatively slow heavy ions. We have used calculations based on
water to fit the benzene data.

We do not think it fortuitous that the fitted parameter a,
is of the order of the molecular "radius" calculated from elemen*
tary considerations though we would not suggest that our pro*
cedures provide a precise determination of the molecular size.

Nevertheless, and In spite of all these caveats, it seems
clear that one has no need of a specially contrived track core
through which to analyze these data. The data will not make it
possible to put a dimension onto the track core. Indeed we do
not see how one can obtain more information by analyzing these
data than is summarized in our parameters. The task of those who
would attempt to build a mechanistic model of heavy ion
radiolysis in these materials is now to explain the numerical
values of our parameters.

These are clearly 2 hit processes. As a result most of the
activation takes place near the ion's path. The core of which
people speak will be different for each detector, for it reflects
the properties of the detector as much as it reflects the radial
dose distribution.
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CAPTIONS

Fig. 1.

Fig. 2.

Fig. 3.

Experimental G*values multiplied by ion initial energies
for H02" radical yields in water
from heavy ions of initial energy up to ^0 MeV
are shown aa coded symbols. The curves are calculated
from track theory using the parameters shown at the
top of the figure. See text.

See caption for Fig.
to 500 MeV.

1. For ions of initial energy up

See caption for Fig. 1
benzene.

Data are for a, yields in

revised u April 1988
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Fig. 2
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Fig. 3
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£n Analytic Representation of the Radial Distribution of Dose from
Energetic Haavy Ions in Water, Si . LiF. and ?1 a I.

Robert Xatz, Kla SUM Loll, and Guo*Rong Huang

University of Nebraska, Lincoln, ME 58538*0150

ABSTRACT: An earlier representation of the radial distribution
of dose about the path of a heavy ion in liquid water is modified
and extended to include silicon, lithium fluoride, and sodium
iodide.

INTRODUCTION

'lie seek to simplify an 3et of equations recently developed
to describe the radial distribution of dose from energetic heavy
ions in liquid water (1) and to alter them systematically to
yield an approximation to the radial distribution of dose in
other substances, subject to the only available constraint,
namely that the resulting formulation should, on radial integra-
tion, yield the stopping power for protons. Our results for the
dose distribution for heavy ions in silicon are in reasonable
agreement with the results of an earlier Monte Carlo calculation
(2) .

DOSE IN 'rfATER

We show in Fig. 1 a set of equations for the calculation of
the radial dose distribution in liquid water from energetic ions,
from our earlier work, based on a Monte Carlo calculation of the
dose distribution from protons in liquid water (1). Here the
quantity represented by Dlt Eq. 1, is taken to be the dose depo*
sited by delta rays and the quantity DjK, Eq. 1 1 , is interpreted
as the contribution to the radial dose from primary excitations
and ionizations. These sum to the quantity D2, £q. 11, the total
radial dose. These equations have been used to calculate the
response of the Fricke dosimeter (3) and the inactivation of cry
enzymes and viruses (U) to good effect through use of the track
theory of i-hit detectors.

In the present work we have sought to extend these calcula*
tions to other materials, and in so doing have made a simpiifisa
representation of the quantity X, Sq. i2, now represented as < as
shown in £q. 18 below

For energies > .1 and < 1000 MeV/amu we now have

*(t) - aabexp(-t/c) ' " 3 '

where t is the radial distance froa the ion's path, 3 is the
speed of the ion relative to the speed of light, and a, 5, and c
are adjustable constants. In order to make the present scheme
work for a variety of materials we have found it necesssary •.:
treat the "effective ionization potential for delta -ay
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production", I, Eq. 2, as an adjustable parameter as well.

The assigned values of the parameters a, b, c, and I for
water and other materials, are given in Table 1.

Other adjustments in our formula for the radial dose distri-
bution to aocomodate for atomic numbe-, 2, mass number, A, ana
density of the medium, p, will be discussed later.

When all of these adjustments are made the ratio of the
radially integrated values of stopping power for protons of dif*
ferent energies and the values given by Janni (5) in different
materials are shown in Fig. 2. We have endeavored to adjust
parameters so that the radially integrated dose is within 105 of
Janni's values of the proton stopping power. The 101 limits are
given by pairs of horizonta-1 parallel lines.

Eq. 18 is somewhat simpler in form than that used in our
earlier work, Eq. 12, and provides an equally good approximation
to the Monte Carlo calculation of Hamm for.water, The si-a-pl if i-ca»
ticrn in form "makes it somewhat easier to modify for other sub-
stances .

We write

d2(t)-dl CO(1*k(t)) (19)

and display calculated graphs of the radial dose distributions,
both D2 from the earlier work, Eq. 11, and d2 from the present
work, Eq. 19, in Fig.3 . in comparison with the results of the
Monte Carlo calculation.

DOSE IS OTHER MEDIA

We seek to make an empirical approximation to the radial
distribution of dose in other materials, of density p, effective
atomic number Z, and effective mass number A. For atomic sub-
stances the effective atomic number and mass number are ur.alterec
from those of the atom. For water, LiF, and Nal we Save taxen
the effective numbers to represent molecules so that the effec-
tive charge and mass number for water are TO and '9, respec-
tively, while for LiF they are 12 and 26, and for Nal they are -5-
and 150.

We make use of a ."actor G, specific for each medium,

O-o Z/A ' ZZ]

to alter both the dose and the radial distance from that in water
to that in the new substance x, corresponding to the change in
the linear density of delta rays and their radial penetration,
correcting for the differences in the number density of electrons
in the different media.
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rfe proceed in steps, first recalculating the dose from delta
rays by a cubic correction in the ratio of the G values of tr.e
two media to accomodate both the linear density of delta ray pro*
duction and the effect of electron stopping power on the energy
deposited in a cylindrical shell, and second, by a linear correc*
tion involving the G ratios to alter the shell radius in which
the energy is deposited, again because of electron stopping power
differences in the two media.

He first alter the dose from delta rays d: (Eq. 1) in water
at radial distance tw tjy U 3 e ot a factor 1/G1 , as shown in Eq.
21, and then reposition that dose from tw to t. by use of the
factor G, as shown in Sq. 22. d,y is the delta ray dose in
water, while the d, is the delta ray dose in the medium x. We
write

[d,/G»] w. [dj/G']x (2i;

The subscript w on th_e _brjic_ket .at left .indicates, -tiiat~3.il -.quan-si-
"ties in the bracket are for water, and similarly subscript x on
the bracket on right indicates that all quantities in the bracxet
are in the medium x.

Sot only is the dose different in the two media but also the
radial coordinate at which the revised dose is located must be
altered. Using similar notation we have

- [tc] x .'22:

This mapping yields for us the quantity d , , the distribu*
tion ot dose from delta rays at the radial distance t in the new
substance x.

As before, we represent the radial iose from delta rays i..
and the dose from primary interactions d, > «n the medium x at
radial distance t t,y the expression

and now seek to find new numerical values of the parameters a, ;,
o, and I, as constrained by the requirement, that the racial
integral of the dose distribution approximates the proton stop-
ping power, as given by the tables of Janni. The values we nave
found are shown in Table 1.

'tie show in Fig. 2 the ratio of our integrated values of tr.e
stopping power for protons in water. Si, LiF, and Jlal to tabular
values of Janni. Horizontal parallel lines bordering the curves
represent ± 10$ limits. £reaks in the curves near 3 - 0.03 arise
from different representations of the range*energy relation for
electrons of low and high energy in aluminum, Elqs. n*>'r.
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Monte Carlo calculations of the radial dose distribution
have been made fop Si by Hamm et al. (2). In Fig. 4 we compare
the results of our fitted analytic formula to the result of thei.-
Monte Carlo calculations. For different ions we have multiplied
our proton calculations by the square of the ratio of the effec
tive charge , Eq. (10), of the ion to that for a proton of the
same velocity. For silicon it appears that our procedure yields
a good analytic approximation to the radial dose distribution
obtained by a much more complex, though possibly more accurate
calculation. For the Monte Carlo calculations the comparison
between the radial integral of the dose and tabular values of the
stopping power has not been given.

In Fig. 5 we compare the radial dose distribution from pro*
tons of energy from 1 to 100 MeV as presently calculated for the
four media.

Finally, we wish to call attention to recent work by Heckman
et al. (6) in which the effective charge formula we use i3 modi-
fied to incorporate 3ome recent stopping power measurements made
w-Lth- - Au -ions which refle-ct-a v^rrtafion in the "stopping"paver
effective charge" with the composition of the medium. We have not
yet had the opportunity to explore the extent to which this
revised effsctive charge formula will alter our results.
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"able 1

medi urn

Water
L1F
Si
Mai

low

10
6
2
3

a
S

.5

high

23
20
21
15

b

0.38
0.40
0.5"
0.575

c (nm )

14

n

I (ev)»

i 0
TO
20
no

3 ' g / C

3.56
• .22
'.16
1.5"

• I is the adjusted ionization potential.
•* low S is 0.01<S<0.03, and high 8 is S>0.03
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CAPTIONS

Table 1. Parameters of the new radial dose distribution functions,

Fig. 1. Equations for the radial dose distribution in liquid
water, from Waligorski et al. (1).

Fig. 2. Ratio of the stopping power of protons in different
as calculated in the present formulation, to the data
of Janni to which they were fitted.

Fig. 3. A comparison of the present formulation, that of
WaligorsKi et al., and the Monte Carlo calculation
they represent.

Fig. 4. The present calculation of the radial dose distribution
in Si from C, Al, and Fe ions of different energies
to Monte Carlo calculations made at Oak Sidge by Hamm
e t a l . ( 2 ) . . ._ .„ •• - --• - - - - - - - -

Fig. 5. The radial dose distribution in water, LiF, Si, and
Nal from protons of energy from 1 to 130 MeV, from the
present formulation.

March 8, '.988
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Tier. 1

Radial dose distribution:

D (t) = V !
1 amcVt t+0

8 = R ( I ) I = 10 eV (2)

7 => R(W) U = 2 m c 2 8 2 ( l - S 2 ) " 1 / 2 ( 3 )

E l e c t r o n r a n g e - e n e r g y r e l a t i o n f o r a i unn'ni urn:

R = k -w a (<:;

""k = 6 x l O " 6 g - cm ' 2 . k eV" a ( = )

w < l k e V a = 1.0 79 f o r ion 3 ^ 0 . 0 3 (5 )

w > l k e V a * 1 .667 f o r ion S > 0 . 0 3 [7]

O e l t a ray d i s t r i b u t i o n :

d n a

( w + I ) 2

C o n s t a n t f o r l i q u i d w a t e r :

N = 3 % = 1.369xlO~l*-j-cm~l = 3 . 5 k e V - m
mc"3

Effective charge:
Z* = Z(l- e x p ( - 1 2 5 - 3 - Z " 2 / 3 ) )

Corrected radial dose distribution:

D , ( t ) * • , ( t ) • ( 1 + K ( t ) )

K ( t ) » A - ( C t - B ) / C ) . e x p ( - ( t - 3 ) / C )

A = 8 - S 1 / 3 f o r S ̂  0 . 0 3

A = 1 9 * S 1 / 3 f o r 3 > 0 . 0 3 (

8 = 0 . 1 nm {

C = 1.5 nm + 2•5 nm ;

K ( t ) = 0 f o r t < 3 (

•. -c ,

v » •
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CALCULATED YIELDS OF AMMONIA IN THE RADIOLYSIS OF
DEOXYGENATED SOLUTIONS OF GLYCYLGLYCINE

ABSTRACT

This paper presents detailed Monte Carlo simulations of physical

and chemical interactions occurring within electron tracks in

deoxygenated solutions of glycylglycine. Hydrated electrons produced

within these tracks react with the solute to produce ammonia and a

peptide secondary free radical. Calculated yields of ammonia are

presented for a range of solute concentrations and electron energies.

Excellent agreement is found between calculated and measured yields of

ammonia in solutions irradiated by 250-kVp X-rays and 6OCo gamma rays.

INTRODUCTION

Researchers at the Oak Ridge National Laboratory have developed a

Monte Carlo computer model which simulates the transport of charged

particles and their secondary electrons through liquid water1"3. This

code, OREC, calculates the spatial coordinates of each H_0 , H-0 , and

e , produced within electron, proton, or alpha-particle tracks.

Through a collaborative effort with radiation chemists at Lawrence

Berkeley Laboratory, a second Monte Carlo code, RADLYS, was developed

which simulates the conversion of these intermediate species into free

radical species. The simulations continue with the diffusion and

chemical reaction of track species up to one microsecond. Previous
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studies have been limited to pure water irraiiiation ~ . One study was

made of irradiated oxygenated water7 and one of irradiated pure water

containing a simplistic model of the DNA double helix8. The present

study is a first attempt at using these codes to model indirect

radiation damage to a more realistic biomolecular system.

The molecule chosen for study is glycylglycine. a dimer of the

amino acid glycine. The radiation chemistry of glycylglycine.

NH3CH2OONHCH2COCr, in aqueous solution begins with the following three

reactions:

H + NH3CH2OONHCH2COO > H2 + NHaCH2C0NHCHC00~

OH + NH3CH2C0NHCH2O0O~ > H20 + M 4 C H 2 O 0 N H C H C 0 O (2)

(H-abstraction radical)

e +
aq

+
« + CH2C0NHCH2C0C . (3)

(deamination radical)

In keeping with the terminology of Garrison et al.9. the ammonium ion

generated in reaction (3) is referred to as free ammonia. The two

secondary peptide radicals reac with one another or with the solute to

form various precursor species. With the addition of strong acid to the
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sample after irradiation, these precursors yield products such as

diaminosuccinic acid, aspartic acid, succinic acid, glyoxylic acid, and

additional ammonia.

This paper presents microsecond yields of free ammonia calculated

for a range of electron energies and solute concentrations. At each

concentration, these yields are weighted by the spectrum of electron

energies produced during irradiation by 250-kVp X-rays. These weighted

yields of free ammonia are then compared to measured yields.

CALCULATIONS FOR MONOENERGETIC ELECTRONS

Figure 1 presents calculated, time-dependent yields of hydrated

electrons within 50-keV electron tracks in solutions of glycylglycine at

various concentrations. The top curve gives the calculated yield of e
aq

in pure water and thus represents the maximal supply of hydrated

electrons available to react with the solute at any given time. The
yield of e in 0.025 M glycylglycine equals that within pure water up

aq
-9

until ~3 x 10 s. This suggests that glycylglycine at 0.025 M is

ineffective in competing with intratrack reactions for the supply of

hydrated electrons until the track species have diffused outward for ~3

-9
x 10 s. After that time, track species become increasingly separated

such that solute scavenging becomes more likely than intratrack

reaction. Solute scavenging continues until all hydrated electrons are

consumed by one microsecond. At a concentration of 1.2 M, solute

scavenging within the track becomes important at an earlier time. ~6 x
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— 11 —8
10 s. and no hydrated electrons remain after ~10 s. Since the pure

water yield of e is greater at earlier times, and since e scavengingacj acj

occurs at earlier times with increasing solute concentration, the total

yield of free ammonia is expected to be greater in systems of higher

glycylglycine concentration.

The yield of free ammonia within 50-keV electron tracks as a

function of time and solute concentration is presented in Fig. 2. As

predicted, increases in solute concentration result in a greater and

earlier production of free ammonia within the track.

Similar calculations are made over a range of electron energies.

Figure 3 shows calculated microsecond yields of free ammonia at various

solute concentrations for electron energies between 1 keV and 140 keV.

At each solute concentration, the yield of free ammonia decreases with

decreasing electron energy and this is attributed to changes in mean

LET. At lower electron energies, the track's average LET increases and

thus there is a greater intratrack consumption of hydrated electrons;

consequently, there are fewer hydrated electrons available to undergo

reaction (3).

CALCULATIONS FOR IRRADIATION BY 250-KVP X-RAYS

So as to provide experimental support for these calculations,

measured yields of free ammonia are obtained for solutions of

glycylglycine irradiated by 250-kVp X-rays 1 0. An estimate of the

spectrum of electron energies produced within irradiated samples is
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shown in Fig. 4. The spectrum gives the fraction of total energy

contributed by photon-produced electrons of energy E per energy

interval. This spectrum was calculated by the Monte Carlo code

PHOEL-211'12 using an incident photon spectrum estimated by Kramers

distribution. Contributions by photoelectrons and Compton electrons is

also shown.

By weighting each curve in Fig. 3 by the total electron spectrum in

Fig. 4, calculated yields of free ammonia under X irradiation are

obtained for comparison with measured yields, as shown in Fig. 5. The

solid curves indicate the 95% confidence limits of the calculations and

represent the magnitude of statistical fluctuations observed between

individual simulated electron tracks. Excellent agreement between

calculated and measured yields is shown over the concentration range

0.05 M to 1.2 M glycylglycine.

The curves shown in Fig. 3 can also be weighted by an electron

spectrum corresponding to 6OCo gamma irradiations. Calculated yields of

free ammonia under 6OCo irradiation are 2.98 ± 0.09 at 0.05 M and 3.78 ±

0.09 at 1.0 M glycylglycine. Garrison et al. reports measured free

ammonia yields of 2.8 ± 0.3 at 0.05 M and 3.8 ± 0.4 at 1.0 M

glycylglycine9. Again, measured and calculated yields are in excellent

agreement.

The calculated yield of free ammonia exceeds the measured value at

0.025 M glycylglycine for X irradiation. This may be attributed to

solute depletion at earlier times within electrons tracks at low solute
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concentration. In the simulation model, reactions (1), (2), and (3) are

treated by pseudo-first-order kinetics in which each H, OH, and e is
aq

given an exponential probability of reacting with the solute over each

simulated time interval. In this manner, solute molecules are not

modeled explicitly and local depletion of the solute is assumed

negligible. If such depletion does occur, the calculations would

overestimate the number of reactions between hydrated electrons and the

solute, thus overestimating the yield of free ammonia.

CONCLUSIONS

These results suggest that Monte Carlo computer simulations

represent a unique and feasible method of understanding indirect

radiation damage at the molecular level. The following items support

this assertion. First, the simulations predict yields of free ammonia

consistent with experiment over the concentration range 0.05 M to 1.2 M

glycylglycine. Second, the simulations are able to mechanistically

explain several phenomena. For example, the dependence of free ammonia

yields on both electron energy and solute concentration is readily

understood in terms of track diffusion, track LET, and the competition

between intratrack and solute consumption of hydrated electrons. Third,

the simulations suggest values for quantities that, in most instances,

would be difficult to obtain experimentally. For example, the model

readily provides product yields as a function of time during the

—IP —fi
interval 10 s to 10 s within charged-particle tracks. This time
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interval is important in cellular systems since free radical scavengers

exist in high concentration. Indirect damage in these systems is thus

highly localized and is complete well within this time interval.

Future work will focus on simulating alpha-particle irradiation of

glycylglycine solutions. Comparison of calculated and measured yields

of several radiolysis products for both photon and alpha-particle

irradiations would provide further tests of the Monte Carlo simulations.

It is hoped that this combined calculational and experimental approach

can be extended to investigate mechanisms of radiation damage to DNA and

DNA subuni ts.
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FIGURE TITLES

Fig. 1. Yield of hydrated electrons calculated for 50-keV electrons in
deoxygenated glycylglycine solution as a function of time and
solute concentration.

Fig. 2. Yield of free ammonia calculated for 50-keV electron'- in
deoxygenated glycylglycine solution as a function of time and
solute concentration.

Fig. 3. Calculated yield of free ammonia in deoxygenated glycylglycine
solution as a function of electron initial energy and solute
concen t ra t i on.

Fig. 4. Electron energy distribution within solutions irradiated by
250-kVp X-rays. Total curve is normalized to unit area and
gives the fraction of total energy deposition by
photon-produced electrons of initial energy E per energy
interval.

Fig. 5. Yield of free ammonia in deoxygenated solution. Solid curves
indicate the limits of the 95% confidence interval for
calculated yields of free ammonia. Points indicate measured
mean yields from Reference 10. Error bars on the points give
the 95% confidence interval as determined from replicate
analyses.
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