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INTRODUCTION

R. H. Ritchie

A series of Infornud Workshops on Penetration Phenomena of Charged
Particles in Matter was begun at New York University in 1977 by
Professor Werner Brandt. The 1982 workshop in this series was
sponsored by the National Science Foundation and held in Honolulu. The
locale was Oak Ridge, Tennessee the following year, and the meeting
took place just after Werner's untimely death. A list of the topics
covered in this series follows.

Informal Workshop Series

1977 - Wake Phenomena - NYU
1978 - Current Stopping Power Problems - NYU
1979 - Low-Energy Particles - NYU
1980 - Matter Under Extreme Conditions - NYU
1981 - Exotic Projectiles - NYU
1982 - Dynamic Screening and Effective Charge - Honolulu
1983 - Properties of Ion-Induced Tracks in Matter - ORNL
1984 - Inelastic Near-Surface Interactions - ORNL

It was my privilege to work closely with Werner in the area of
radiation physics for many years and to help him in organizing these
workshops from the beginning. My colleagues and I at Oak Ridge
National Laboratory are continuing this series under the title "Werner
Brandt Workshops" in the hope that the spirit of informality and
excitement that was a hallmark of these meetings can be kept in future
conferences.

The ninth Werner Brandt Workshop was concerned with photon emission
from irradiated solids and the present record of the proceedings
consists of material solicited from each participant. As can be seen,
the results range from detailed and complete manuscripts to skeletal
remnants of Vugraph transparencies. For reasons of economy, the
discussions, often animated and illuminating, were not recorded. We
hope, however, that this report will be helpful to radiation physicists
interested in the current state of knowledge about photon emission from
condensed matter irradiated by various atomic projectiles.

Motivation for this workshop came from the possibility of using
photon emission as a beam diagnostic tool in fusion research and in
extensive current theoretical and experimental research programs in the
U.S. and abroad that are concerned with diagnostics of electron beams
and neutral particle beams. We have invited research workers concerned
with a wide variety of phenomena in this area to participate in this
workshop and are happy that much high quality research is represented
in these proceedings.



TRANSITION RADIATION DIAGNOSTICS FOR INTENSE ELECTRON BEAMS

R. Fiorito and D. W. Rule
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Abstract

We are investigating the use of transition radiation (TR) as the basis

for precision current density, energy and emittance diagnostics of intense,

relativistic electron beams. Roth interceptive, optical TR foil diagnostics,

and noninterceptive, diffraction TR devices, are being examined.

Introduction

There is an urgent need for simple, precise, versatile, low cost

diagnostics to characterize the current density, emittance and energy of

intense particle beams. The properties of TR described below indicate its

great potential to fulfill these requirements. To date the full power of TR

techniques have yet to be applied to intense beams.

Transition radiation is produced whenever a charged particle encounters

an inhomogeneity in the dielectric properties of the medium through which it

passes. For example, a particle traveling with a uniform velocity in vacuum

will produce TR as it crosses the interface of a metal or a dielectric foil.

TR can also be produced by charged particles encountering density changes in a

gas, plasma, or solid through which they are traveling. TR is closely related

to Cherenkov radiation, however, its properties are quite different as will be

discussed below.



TR was first predicted by Ginsburg and Frank1 in 1946, the first

published experiment on TR was by Goldsmith and Jelly^ in 1959. Following the

experimental observation of TR, there was a tremendous proliferation of

papers, both experimental and theoretical: from 1946 - 1983 over 500 papers on

TR were published (for reviews see Refs. 3-5). The work of the early 1960's

was, in part, concerned with distinguishing TR from other possible sources of

foil light such as optical Bremsstrahlung6, radiation from surface plasnons,

and fluorescence (for a review, see Ref. 4). In the late 1960's, X-ray TR

became the basis of particle detectors which could be used in the

ultrarelativistic regime.' In the early 1970's optical transition radiation

(OTR) was developed as a diagnostic for low energy e-beams by Mahan and

Gallagher" and for relativistic e-beams by Wartski et al.y~ii!

TR possesses a number of properties which make it attractive for use in

particle detection and beam diagnostics. The most important property for both

applications is that the intensity of TR is a strong function of the energy of

the particle producing it. The spectrum of TR ranges from microwave to X-ray;

the upper limit of the spectrum is proportional to y. TR is polarized, with

the electric vector lying in the plane defined by the normal to the surface

and the wave vector in the direction of observation. The formation time of TR

is generally in the sub-picosecond domain. Finally, the angular distribution

of TR is such that, for relativistic particles, the maximum intensity occurs

at the angle 9 ~ y > as measured from the direction of specular reflection

of light by a foil (see Fig. 1). The strong energy dependence of TR intensity

and angular dependence are in marked contrast to Cherenkov radiation which

saturates as p -> 1.



Optical transition radiation (OTR) techniques for diagnosing beam current

density and energy have been extensively developed for low current

relativistic electron beams by Wartski et al. y~ 1 2 Using OTR from a single

foil Wartski has been able to make time-resolved measurements of beam current-

density distribution (see Fig. 2), as well as time-resolved beam energy

measurements to a precision of 3%. Using a two-foil OTR interferometer

(Fig. 3), he has made energy measurements to a precision of 1%. This device

has been used to tune the accelerating modules of the 60-MeV LINAC at Sac!ay

to optimize beam bunching, and to measure rms scattering angles on the order

of 0.3 mrad of a beam passing through foils.

While OTR foil diagnostics are very precise, they may be somewhat

disruptive to the beam. The foils may also be subject to beam damage under

some circumstances. For these reasons, it is desirable to have a diagnostic

method which has the convenience and precision of OTR foils, but is a

noninterceptive technique, as is, for example a resistive wall current

monitor. Diffraction TR (DTR) has the potential for fulfilling this need.

DTR, a phenomenon closely related to TR, is the production of radiation

when a charged particle passes through an aperture or passes near any

interface between media of different dielectric constants. For example, in

linear accelerators, charge bunches lose energy vfa this mechanism as they

transit the rf accelerating modules. This is known as "beam loading". If the

distribution of radiation intensity for a beam transiting an aperture is known

as a function of angle and frequency and its dependence on beam parameters is

known, this phenomenon can potentially be used as a noninterceptive beam

diagnostic. il+~i8 In principle, such a diagnostic could provide information

about the beam position relative to the center of a circular apertures, the

beam current density, the radial and axial profiles, and the energy.



We are making use of the unique properties of TR in order to diagnose

intense relativistic electron beams. In particular we are currently

developing a high precision OTR device with sub-nanosecond response for use in

characterizing the current density distribution, emittance and energy of the

electron beam in vacuum or transiting a gas. Such diagnostics are urgently

needed both for propagation studies (e.g. energy loss of an electron beam

propagating in a gas), as well as material interaction studies (beam energy

loss in target materials).

Time Resolved Current Density Profile Diagnostics with OTR

We are developing single and double foil OTR devices for use either in a

vacuum accelerator tube or in a gas propagation chamber. The design of the

OTR cells makes use of the characteristic backward OTR from a foil positioned

at 45° w.r.t. the beam axis, (see Fig. 1). Viewing at this angle allows one

to observe the radiation well outside the forward peaked Breinsstrahlung cone,

thus minimizing background interference of x-rays and forward directed optical

Bremsstrahlung. Polarizers and interference filters will be used to exploit

the linear polarization and broadband characteristics of OTR to minimize stray

light and fluorescence from gas within the OTR formation cell. The extremely

fast production time t~ for OTR will make it very useful for time resolved

beam current density profiling. We will be imaging the beam on a sub-

nanosecond time scale via streak or fast framing techniques.

Energy Diagnostics with OTR

As mentioned above OTR has great potential for use as a fast, precise

energy diagnostic for intense relativistic electron beams. Energy

measurements of LINAC electron beams with a precision of up to 1% have been



accomplished by Wartski et al.11 at Tow currents (70 mA) in the energy range

50 - 100 Mev. Exploiting the higher OTR production available with intense

beams, we are developing an energy measurement device capable of determining

the beam energy in the accelerator, or beam energy loss in a gas cell. OTR

produced by a foil will be analyzed using standard optics and adapting methods

similar to those used for lower current beams."i~vl These methods rely on the

sensitive y dependence of OTR analyzed in an angle 9Q < 9 ~ y" » the angle of

peak OTR intensity (see Fig. lb).

To effect the OTR energy analysis, care must be taken to provide a cold

electron beam prior to OTR production. This will be accomplished by suitable

beam aperturing, so that 9 < 9^ < 9 . Here 9 is the rms angle

characterising either the beam's transverse temperature or scattering in the gas,

OTR interferometery is being evaluated as a method of determining y with

high precision (few percent) on multiple or single shots. In this method, two

parallel foils are used (see Fig. 3a). OTR produced by the front surface of

the first foil and the rear surface of the second foil combine to produce an

interference pattern. Our calculations have shown that such interferograms

can be photographed on film for one 50 ns electron beam pulse (I = 10 A ) . The

Advanced Test Accelerator (ATA) at Lawrence Livermore National Laboratory

produces such pulses at an energy of 50 MeV. Using a streak camera with an

optical gain of 10 , we will investigate the fringe evolution for one pulse on

a subnanosecond time scale.

Emittance Measurements with OTR

TR can be used to measure local beam emittance e in a variety of ways.

For the purposes of this discussion,, the beam emittance is roughly e ~ rd ,

where r is the beam radius and 9 is the rms beam angle described above. We



are investigating three methods: (1) comparison of spots sizes from two

parallel foils separated a known distance (e £ 50 mrad-cm); (2) measurement of

the angular distribution of OTR from one foil (5 < e < 50 mrad-cm);

(3) measurement of the interference pattern produced by an OTR interferometer

(e < 5 mrad-cm). For the single foil method (2), Figure 4 shows the

dependence of OTR angular distribution for various values of rms beam

angle, a (see Ref. 14). The curves of Fig. 4 were generated by folding a

Gaussian distribution of beam angles with rms angle a into the single particle

OTR distribution function. From a measurement of the broadening of the OTR

pattern, one can determine the value of 9 and hence the emittance.

Similarly, this method can be applied to the broadening of the pattern

obtained using the OTR interferometric method.u Experimentally, scattering

foils will be used to change the emittance in order to test these methods.

Noninterceptive Diagnostics and Sensor Observables with DTR

We are developing a theory of DTR which includes the effect of coherent

production by intense beams in order to use DTR as a beam diagnostic and

sensor observable. We are extending previous work3'ib~ib in order to obtain

expressions for the frequency and angular dependence of DTR produced by

beams. This theory will include the dependence of the spectrum on the finite

beam radius, beam position relative to the obstacle, current density profile,

and energy distribution. The beginnings of this work will be discussed in the

following paper by D. W. Rule and R. H. Ritchie in these Proceedings.
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Firure 1 : Traniition radiation patterns
• - oorul incidence case ;
b - oblique incidence ease ,
c - Dotation used.

— — ID" * "A" ™*

n c . 1. Theoretical transition radiation pattern* at different energies of the iacident electroo. Angle of incidence i •= 4S«;
X'404C \; AX= 1 A; • ' 0.45: ** 3.t8. y . ioo (not U> scale)
anflr of specular reflection).

Figures la and lb (from ref. 10
and ref. 11 respectively)
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Bcea profile observed by aeans of a TV can-
re. (two Al coated foil*)
peak current • 13 •* ; pulse width • 1 m ;
repetition rate : 62.5 Hz.

: Three diiwnsionel plot of the intensity pr-
file and iaodensity curve*.
Peak current : 13 «A ; pul*e width : 1 us
repetition rate : 62.5 Ht ; aelected i
in the pul*e : 0.8 u*.

Fig. 2a . 2b

(Figures from ref. 10)
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• Two parallel foU« (*f • 45 )
Tacvua and vacuum - nelal case.

: Interference pattern obtained
with the two-parallel folia arrangeoent
Foil ltAlum'nua-coated mylar 3.5 m thick
Fo<l 11 :Aluain«a-coated euartz 0 .4 i i thick
L :13.5ma;V:45 ;A:4390 A ;£*:140 I ;Y:141-9
T:13 mA;pulse v<dth:1.5/ts;:frei}ue7icy:£2.5 Hz;
Tl&e exposure:2min;polaro^d f l̂.-s sensit ivity:
3O00A»a.

FiRures 3a and 3b (from ref

BEAM ENERGY * SO MtV
<T s urns. BEAM ANGLE

n n ioo

Fie * RELATIVE INTENSITY OF TRANSITION RADIATION
AS A FUNCTION OF THE ANGLE OF OBSERVATION
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DIFFRACTION RADIATION PRODUCED BY A CHARGED PARTICLE
PASSING NEAR OR THROUGH A DIELECTRIC SPHERE *

D. W. Rule

Naval Surface Weapons Center
White Oak

Silver Spring, Maryland

R. H. Ritchie

Oak Ridge National Laboratory
Oak Ridge, Tennessee
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We have derived expressions for the spectral distribution of
diffraction radiation produced when a charged particle of constant
velocity passes near or through a dielectric sphere of radius a. Our
expressions, which are valid in the long wavelength limit ka << 1,
describe the production of radiation as a function of the particle's
impact parameter and energy and as a function of the dielectric
property of the sphere. Our results reduce to forms similar to
Rayleigh scattering of light when ka •+• 0 and the impact parameter is
large. Certain limiting cases of our expressions are found to be
significantly different from the corresponding results previously
published by other workers.

*Research sponsored jointly by the U.S. Naval Surface Weapons Center
under Element 62768N and the Office of Health and Environmental Research,
U.S. Department of Energy, under contract DE-AC05-84OR21400 with Martin
Marietta Energy Systems, Inc.
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Introduction

One potentially useful method of diagnosing intense charged

particle beams is by observing the diffraction radiation (DR) produced

when a beam passes near an object on an array of objects. Since such

a diagnostic technique is noninterceptive, it could be done without

disturbing the beam or any associated experiment.

As a step toward developing a DR diagnostic technique, we have

derived expressions for the spectral density of DR produced by a

relativistic charged particle passing by a dielectric sphere. We have

chosen a sphere simply in order to compare our results in the

nonrelativistic limit to those published previously. Actual

diagnostic systems my involve other geometries.

DR is intimately connected with transition- and Cherenkov

radiation. A complete solution of the electromagnetic field produced

by a particle passing at constant velocity through or near an

interface between media with different dielectric functions yields all

three types of radiation fields, depending on the details of the

particles trajectory. In this paper, we first investigate some

features of DR produced by relativistic particles through the use of

the Williams-Weizsacker method of virtual quanta. Since this method

is strictly valid only for impact parameters much greater than the

sphere's radius, we next give a treatment which is valid for any

impact parameter. The limiting cases of our results when p « 1 are

then compared with previous nonrelativistic expressions, where p = v/c,

the ratio of particle velocity to light velocity. We have considered



16

only the dipole contribution to the radiation, thus our results

represent the DR correctly only for ka « 1, where k is 2% divided by

the wavelength of the radiation and a is the sphere's radius.

Diffraction Radiation Using the Method of Virtual Quanta

The system we are considering is shown in Fig. 1: a particle of

velocity v passes by a dielectric sphere of radius a at an impact

parameter b, with v along z. The method of virtual quanta consists of

dividing the calculation of an electromagnetic process occurring

during the col l is ion of a charged particle with particles or photons

into two parts. F i rst , the particle's electromagnetic f ie ld is

replaced by an incoherent sum of photons. The spectral density of the

photon f ie ld is just the modulus squared of the Fourier transform of

the part icle's f ie lds. Then the processes is calculated by

considering the corresponding process of photon scatter ing.1 '2

The fields of a re la t iv is t ic particle are2 (see Fig. 1).

-3/2
E (t) = qYb(b2 + Y

2v2 t2) , B ( t) = pE ( t ) , (la)
A J A

and
-3/2 1/2

E2(t) = - qYvt(b2 + y v t2 ) , y = 1/(1 - p2) . (lb)

I f 3 = 1, the fields of (la) are equivalent to those of a plane

polarized pulse of radiation traveling along z. I f a f ic t i t ious

magnetic f ie ld is associated with E2( t ) , a second pulse traveling

along x can be thought of as replacing the effect of E z ( t ) . 1 > 2 The

frequency spectra of pulses 1 and 2 are just

Ex,z< (?)

(energy per unit area per unit frequency interval)
where E (b,w) represents the Fourier transform of E (t) or E (t).

The explicit forms of the frequency spectra are1'2:



17

Y

where Kj(u) and KQ(U) are fnodffied Bessel functions and

7i c b

is the low frequency limit of dl./dw. Note that dl?/du> is smaller

than dlj/du by a factor y . A plot of Eq. (3) versus In w would

reveal l that dK/duj contains al l frequencies up to w ~ 1/At, where

At ~ b/yv is the coll ision time. Similarly, dl^/du looks l ike the

modulus squared of the Fourier transform of one cycle of a sine wave

of frequency w ~ I/At,, which is narrowly peaked around u ~ yv/b.

According to the method of virtual quanta, the frequency spectrum

of radiation produced by the coll ision of a charged particle with a

target is given by

d l (b .ooj d o ( u > ) d r , ( b , u ) d I 9 ( b , u > )
. , c = E_ I i + £ I

dtodQ dQ L dw da) J

[energy/unit frequency-srJ, (6)

where do (u)/dQ is the differential scattering cross section for

scattering of a photon of frequency u> by the target, or more generally

for any other process under consideration which has a counterpart in

photon interactions. The differential cross section for the collision

process is

do.(u)) <*> d l
= 2 l t ' b dflujda b d b Carea/unU energy-srj, (7)

rmn

in which the minimum impact parameter bmi-n > 0 must be introduced on

physical grounds in order to avoid a divergent integral.
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We now apply the above approach to the production of DR by a

relativistic particle [y » 1) scattered by a dielectric sphere. We

need the Rayleigh scattering cross section of a plane polarized wave

when ka « 1. This is

p(u) (8)

where the polarization vector of the scattered wave is e, shown in

Fig. 2, and

(9)

is the Fourier transformed dipole moment induced in the sphere of

dielectric constant e by the incident photon with field amplitude

£ (ui), provided ka « 1. Using (9) in (8) we have

da _ .46
dQ " k a

e - 1 2
COS 8, (10)

where the angle 9 is defined in Fig. 2.

If we neglect the dipole moment p (u) ~ y" p , then, using

Eq. (10) and the method of virtual quanta Eq. (6), we can immediately

write down the following expression for DR:

dl
duxJQ cos26 (11a)

u « 1
-2 £-1

e+7 u =
a*

(lib)

where the term in brackets in (lla) is just dL/du, Eq. (3). This

procedure is valid as long as the motion of the displaced charge in

the sphere is nonrelativistic and provided the field of the particle

f (b,aj) is essentially constant across the sphere1, i.e. A? ft « 1

where At is the change of the field across a diameter. The latter
A
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condition is satisfied for impact parameters b » a. Eqs. (lla) and

(lib) show that for u = uh/yv « 1, the spectral distribution is

nearly independent of y and that the k a dependence of Rayleigh
2

scattering is obtained along with the cos 9 dependence of dipole
radiation.

Extension of the Method to Any Value of Impact Parameter

The results of the previous section were restricted to impact

parameters b >> a in order for the method of virtual quanta to be

applicable. In order to extend the calculation to the range of impact

parameters b £ a, we proceed as follows: first we determine the

induced dipole moment of the sphere during the passage of the charaged

particle; then we use this result in the standard expression for the

differential frequency spectrum for dipole radiation,

_ ck n x [n x p (u>)J (12)

Instead of (9), we determine the dipole moment of the sphere from

fjj it (o>,? - r1) dr1 = pxx -

which is based on the long wavelength approximation.

(13)

Using (13) in (12) we obtain

(14)

where 9 is the angle of the unit propagation vector n with respect to

z.

For b > a, (13) yields

• 3
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Note that for ka -»• 0, p becomes identical to the form (9) of Rayleigh
X

scattering. With the result (15), the frequency spectrum becomes

dudQ
= <L_ (1)

Q c V

e-1
E-2

[K2(u) + K K2(u)] |cos2a - sin2e|, b > a. (16)

Note that cosa •> 1 as y + » and the last factor in (16) becomes

ccs"9 (see Fig. 2).

We have also obtained an approximate expression for the frequency

spectrum when b < a, which is more cumbersome than (16). For lack of

space we give here only the limiting case b = 0:

lim d2l
b •*• 0 d u d a

jo(r) -
4 ln

i

Y 3

0.5772

e-1

7+2

h (F

(ka)!

(17)

From symmetry, px = 0 when b = 0 and (17) is the result of the
contribution from pz alone.

The Method of Image Charges for Nonrelativistic Particles

We have used the method of image charges to obtain expressions

for the spectral density of DR produced by a nonrelativistic particle

passing either near a perfectly conducting sphere (b > a) or through

it along a diameter (b = 0). In the latter case, the result for the
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total spectral density of dipole radiation was obtained in closed form

with no approximations. The result, after integration

over 4-n steradians, is

2 [cosx - (x + 1 ) sinx + x 2 Ci(x)J2, x = ka/p. (18)

The nonrelativistic limit of Eq. (17) integrated over solid angle is

in good agreement with the above result when x « 1, if in

(17), e -> - «, y -> 1, and the small argument forms j«(x) ->• 1 and

j\(x)/x >-j, for x « 1 are used. Similarly, for b > a, the image

charge method was found to agree with the result (16) above

when e •> - m, y "*• 1> and ka « 1.

In contrast to our results, if one takes the limiting case of

Porgorzelski and Yeh3, corresponding to our Eq. (17), one obtains

l im d2 l _ SLLU
b •*• 0 duxJQ " c it

e-1
e-2

2
\L. .C.

(kar J5(ka/p) sin'e, (19)

which doesn't have the (ka)b dependence which appears in Eqs. (17) and

(18) for ka « 1. Yet another expression for the spectral density at

zero impact parameter is cited in the review by Bass and Yakovenko14.

That expression, strangely enough, gives a nonzero result as a + 0,

unlike (17), (18), or (19) above.

Numerical Results

In rigs. 3 and 4 we plot the spectral density of DR in units of

q /c as a function of impact parameter in units of sphere radii for

electrons with energy 0.1, 1 and 10 MeV, with ka = 0.1 and e = 2.0.

In Fig. 3, the observation angle 9 = TI, i.e. we are observing

backscattered radiation, while in Fig. 4 e = n/2.

In Fig. 5 we plot the DR spectral density versus impact parameter
for three different values of ka: ka = 1.0, 0.5 and 0.1. The
observation angle is e = it and the electron energy is 100 HeV.
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In Fig. 6, we illustrate the angular dependence or DR for three

impact parameters: b = 0, b = a, and b = 5a, at an energy of 0.1 MeV

and with ka = 0.1. Note that for b = 0, the radiation pattern is that

of a single dipole oriented along the z-axis, while for b > a, the

dipole oriented along the x -axis also contributes.

In Fig. 7, we show the angular dependence for an impact parameter

b = a at 0.1 and 100 MeV with ka = 0.1. The contribution from the
A

dipole induced along z, which peaks at 6 = it/2 for 0.1 MeV, has

disappeared at 100 MeV because of the y" weighting which appears in
Eq. (16).

Summary

We have examined the problem of the production of diffraction

radiation (DR) by a charged particle passing near or through a

dielectric sphere from three closely related points of view: the

method of virtual quanta, the radiation of induced dipole moments, and

the method of images. In a sense, all three methods are similar in

that they all can be considered as a determination of radiation

produced by the dipoles induced in the sphere by a passing particle.

We illustrated the connection between Rayleigh scattering of light and

the method of virtual quanta for the case of ka « 1, large impact

parameters, and relativistic particles. We then gave a more general

formula, valid for any impact parameter and any energy, provided

ka « 1. The general formula may be considered as resulting from a

generalization of the method of virtual quanta to a situation where

the particle fields vary appreciably across the sphere. Finally, the

image charge method was used to determine the radiation from the

dipole induced in a perfectly conducting sphere by a nonrelativistic

particle. Our relativistic expressions agree with the image charge

results in the nonrelativistic limit. In contrast, we found that the

literature contains at least two different expressions for the same
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physical situation of diffraction radiation produced by a

nonrelativistic particle incident on a sphere, neither of which agrees

with the present results.
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Introduction

This research effort was born as an attempt to develop an optical
standard lamp in the vacuum ultraviolet. The initial concept was to
exploit the conclusion of Ritchie and Eldridge (1) that for nonrela-
tivistic electrons incident normally on a thick ideal-metal target the
photon intensity per frequency interval of the resulting transition
radiation would be independent of the frequency of the radiation from
the infrared to past the metal plasma frequency in the ultraviolet when
the intensity is plotted as a function of the frequency. This situa-
tion would be ideal for the production of standard optical radiation
which could be used for calibrating optical instruments in the VUV.
We would have a lamp that would produce theoretically predictable
output of radiation once the dielectric constants of the metal were
known. It would be an easily scalable source of reasonably uniform,
continuous radiation. Since nonrelativistic transition radiation pho-
ton intensity is proportional to the product of beam energy and beam
current, a plot of photon intensity per watt of beam power produces a
universal curve for that metal.

Figure 1 is reproduced from Ritchie and Eldridge (1). Figure 2,
reproduced from a previous publication (2) of the work reported here,
is the transition radiation from electron impact on aluminum calculated
from theory (1) using dielectric constants from the literature (3).

»00
L J *- L J

Fie. t. Predicted variation of photon intensity with frequency
tt vari'ius angles of observation far M. thick foil in the noureU
livistic » K .

I'"i«.J Tliwiri-M'rrtlfy pn*rficlnl .nn-iiion r:nfiiiii«in fmni
iinpael 'in iiluininuni where I ho fUvtron I'wnn is (l>ii-ctnj ni
thf snrfiironnil the viewing direrti:>ii is-ir>°. Oplicn! vniistn

lakct) from t>»_- lil.Tfltitrr

The polarization of the photons is entirely in the plane of the target
normal and the propagation direction. Note that Fig. 2 is a log-log
plot of the photon intensity per wavelength interval as a function of
the wavelength. These parameters are more useful to an experimentalist
than those of Fig. 1.
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Initial Experiment

Initial experiments began on a converted positive ion accelerator
producing about 75 microampere beams of 50- to 100-keV electrons inci-
dent normally on metal targets and using a 45 degree viewing direction.
Experiments were performed on "practical" surfaces of molydenum, tung-
sten, tantalum, and aluminum. The collision chamber was differentially
pumped to less than 0.05 microtorr by Ti-ball and ion pumping while the
connecting Jarrell-Ash 0.5-m Seya Namioka scanning spectrometer operated
in the microtorr range, pumped by a cold-trapped diffusion pump. The
refractory metal targets could be heated in s_itu to an optically-
measured 1600 degrees C. The aluminum target surface was altered by
evaporating aluminum films onto an aluminum substrate which required
transferring the target from a separate coating vacuum system.

Surface impurities were shown to be important in these experiments
where only 0.1 kW per square centimeter of beam power was dissipated
on the surface. Fluorescence of surface impurities, etc. could be re-
duced by simply heating the target or, in the case of aluminum, by coat-
ing the surface. Reproducibility of the radiation was dependent on the
history of the target.

Surface roughness effects were checked with aluminum samples.
Polished surfaces coated by evaporation gave the same intensity as the
rougher ones. Thick aluminum films evaporated onto h wave optical flats
produced the same radiation pattern to better than 10%. All the targets
could be moved relative to the beam and no change in intensity could
be detected as the beam sampled different parts of ,the surface. Un-
fortunately circumstances prevented the absolute measurement of the
intensity of the radiation but the relative intensity varied according
to theory as a function of beam energy and target material.

The Light Source

Since reproducibility is important and highly correlated to sur-
face cleanliness, it was decided to go to truly nonrelativistic energies
but with higher beam powers which would simultaneously clean the sur-
face and provide a source of either bremsstrahlung or transition radia-
tion. This concept had the advantage of developing a small portable
lamp. Operation in the 2- to 12-keV range with beam currents of a few
mA was convenient. In the lower energy mode and short wavelength re-
gion beyond the plasma cutoff, bremsstrahlung is dominant while at the
higher energies and higher wavelength region transition radiation is
dominant. This situation is brought about by the fact that transition
radiation is a surface effect while bremsstrahlung is a volume effect.
Transition radiation can be thought of as. being produced by the anni-
hilation at the surface of the approaching electron and its image
change. Its importance as a function of decreasing wavelength drops
at the point where the metal becomes a transparent dielectric. On the
other hand bremsstrahlung is a volume effect with the intensity de-
pending on how far below the surface the photons are created and how
they are attenuated by characteristic absorption and surface reflection
losses (4). Thus bremsstrahlung depends on the electron penetration
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depth and the optical attenuation depth. If the penetration depth is
large compared with the optical attenuation depth, bremsstrahlung in-
tensity goes as the reciprocal of the electron energy while if the pene-
tration depth is small compared with the attenuation depth the
bremsstrahlung is proportional to the electron energy.

While the intensity of bremsstrahlung cannot be calculated with
the absolute accuracy of transition radiation because of the difficulty
in treating the internal multiple scattering events, it should be re-
producible and once calibrated as a mechanism would become an optical
transfer standard. Thus electron impact on metals would be a mechanism
for production of reproducible standard optical radiation from the soft
x-ray region using bremsstrahlung to the VUV region and, in principle,
through to the infrared using transition radiation.

A special compact lamp was designed which consisted of a knife
edge cathode very close (a few mils) to the targ.et anode. The proximity
insured a well defined normally-directed intense'electron beam. The
viewing direction was again 45 degrees. The knife edge (cathode) was
made from 5-mil tungsten which could be heated to thermionic emission.
The target anode was made from either aluminum, tantalum or tungsten
strips. When tungsten or tantalum sheet (5-mil) targets were used care
was used to reduce heat dissipation. (The lamp at one time was actual-
ly operated with no "filament power" where field emission was sufficient
to initiate the beam and the resulting local heating thermionically
stabilized the beam current. In this stable operating mode only a thin
red line in the vicinity of the intersection between the cathode and
anode was visible.)

Two prototypes were built, one operating at the University of
Arkansas and one at Oak Ridge National Laboratory. The one operating
at Arkansas primarily was used to study transition radiation at higher
impact energies while the Oak Ridge device operated in the lower impact
energies and was used to study bremsstrahlung in the soft x-ray region.
The lamps provided extremely stable emission with no feedback mecha-
nisms. Results are displayed for bremsstrahlung and transition radia-
tion modes in Fig. 3 and Fig. 4, respectively.
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( Theoretically predicted transition radiation from tungsten can be found
in Ref. 2.)

Comparison With Theory

The output of transition radiation for different targets followed
theory in a relative sense but the real goal was to compare transition
radiation with theory in an absolute sense but unfortunately the project
was cut short before a thorough investigation could be made. An attempt
was made to estimate the absolute output from the count rates, photomul-
tiplier efficiencies, reflectivities of the grating and collimating mir-
rors, collection solid angle, and spectral slit width. The light output
at 1700 Angstroms was estimated to be about half that of theory. How-
ever, this discrepancy could easily be accounted for in terms of the
age of the reflecting surfaces (about 1 year), uncertainties in polar-
ization and astigmatic corrections. Features in the bremsstrahlung
spectra could be identified in terms of the optical properties of the
metal, interband transitions, etc. and behaved qualitatively as ex-
pected. (Plots of bremsstrahlung calculated for 2-keV impact on tan-
talum, tungsten, and aluminum from about 500 to 5000 Angstroms were
presented in the oral version.) Again quantitative comparisons were
cut short.

It would seem that this simple lamp generated such highly repro-
ducible radiation at very adequate levels that it could be used as an
optical standard and for further study and comparison with theory. It
was shown in this investigation to be a stable source from 20 to 2200
Angstroms at beam power densities above 1 kW per square centimeter.
The upper limit was set by the black body radiation when the knife edge
was heated to incandescence to provide thermionic emission. Even this
long wavelength limit can be extended by reducing the spacing between
the knife edge and the anode and, in fact, the lamp was at one time
operated without filament heating and appreciable subsequent black body
radiation.

This research was supported in part by NASA grant NSG 1750 and the
U.S. Department of Energy under contract W--7405-eng-26 with the Union
Carbide Corporation.
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This report summarizes research on the optical emission from thin

films and bulk metals bombarded by 25-120 keV electrons carried out at

Oak Ridge National Laboratory. Details concerning the experimental

apparatus and theoretical calculations may be found in the references

listed in this paper. Measurements have been carried out on the depend-

ence of the emitted spectra on angle of observation, polarization, sample

thickness, surface roughness, surface contamination, and incident

electron energy.

The photon intensities from an electron entering a metal surface

from vacuum is given by Eq. (1) in Fig. 1, where 6 is the angle of obser-

vation from the foil normal, |3 is the electron velocity relative to light

in vacuum, and 6 is the frequency dependent, complex dielectric constant

of the metal1. Note that according to Eq. (1), transition radiation (TR)

is expected at all frequencies. However, when the dielectric constant

takes on the values £2«0, and Z\ = 0, a resonance occurs in both the

transition radiation and the electron energy loss. In the case of a

nearly-free-electron metal, as shown by the equations in Fig. 1, the

above condition implies that the phase velocity v of the electromagnetic

wave in the medium is infinite. This means that the whole medium responds

'̂"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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to the electromagnetic wave completely in phase (i.e., a collective

resonance). Therefore, the collective resonance, or plasma resonance

radiation at U) = u) , is a special case of the more general transition

radiation.

The experimental apparatus used in these studies2 is shown in Fig. 2.

The angle of observation 6 could be varied continuously from 0° to 153°,

and the target chamber contained evaporation terminals such that fresh Al

and other metals could be vacuum-evaporated in-situ. The target chamber

was also surrounded by a liquid nitrogen shroud to provide a cleaner

environment than the diffusion-pumped vacuum system operating at ~10~6

Torr would allow. For the vacuum UV spectral region the glan prism

polarizer was removed, and the photomultiplier tube (EMI 9256S) was

coated with sodium salicylate.
o

The optical emission from a 330 A thick, self-supported gold foil

bombarded by 40-100 keV electrons3 is shown in Fig. 3. The calculated

transition radiation spectra agree well both in shape and in absolute

intensity with the experimental (II-J_) spectra for all electron energies.

Transition radiation is expected only in the II plane (defined by the

electron beam direction and angle of observation) since transition radia-

tion is like dipole radiation. The observed J_ component is due to

optical bremsstrahlung, and the expected inverse electron energy depend-

ence is seen in the data. The experimental J. intensities are compared

in Fig. 4 with calculations of bremsstrahlung by Gluckstern, Hull, and

Breit4 for isolated atoms. The energy dependence agrees well, although

the absolute intensities cannot be compared due to the difference

expected between condensed matter and isolated atoms.
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o
The photon emission from a Ag film 713 A in thickness bombarded by

^25 keV electrons2 is show in Fig. 5. The spectra for Ag shows not only

the transition radiation continuum, but also a resonance feature (plasmon

emission) at 3300 A. Again the agreement between transition radiation

theory and the experimental (Il-J.) spectra agree very well.

Figures 6 and 7 show how the Ag spectrum changes as the angle of

observation is varied from 5° to 87°, and the comparison between the

forward (50°) and backward (130°) emission2 is shown in Fig. 8. The

experimental spectra again agree well with the theoretical spectra. The

difference in intensity at the peak wavelength between theory and experi-

ment is due to the use of the optical constants of bulk Ag5 instead of

vacuum evaporated Ag.6

Figure 9 shows that the agreement between theory and experiment

becomes very good when the proper optical constants (ORNL) are used in

the transition radiation calculations.7

o
The photon intensity at the peak wavelength (3300 A) is given as a

function of film thickess for electron energies of 25, 40, and 60 keV7 in

Fig. 10. The oscillatory dependence of the yield arises from the con-

structive and destructive interference of the photons created when the

high-energy electron first enters and then exits the thin foil.

The vacuum ultraviolet photon emission at various observation angles
o

from an Al foil 320 A in thickness bombarded by 80 keV electrons (Fig. 11)

is compared with the transition radiation calculations (Fig. 12) using

the optical constants of Al reported by Hunter.9
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o
The emission from a 220 A thick Mg foil bombarded by nearly normal

incidence 80 keV electrons10 for various observation angles 6 is shown

in Fig. 13. From these data, we may determine, using the equations given

in Fig. 14, the plasmon energy E from the y intercept of the graph of

peak energy versus tan2 0, and the film thickness from the slope. From a

graph of the resonance width at. half maximum AA versus sin 0 tan 0, the

intrinsic lifetime can be obtained from the y intercept, and again the

film thickness from the slope.

Similar data as illustrated here have been obtained for Be,11 Cd,

Zn, In, Th,12 and Ni. 1 3 The effects of surface contaminations and

surface structure have also been studied.
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Breit for 500-A-thick gold foil at X = 3500 A. Points represent
experimentally determined yields for photons polarized in the
perpendicular plane.
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Introduction

Reiativistic electron irradiation of thin solid targets is known to
generate collimated beams of x-ray photons in the forward direction by a
number of different processes (see Figure 1).

Figure 1. Schematic Diagram of Photon Generation

For electron energies greater than 0.5 MeV the electron velocities are

reiativistic and the corresponding photon beams tend to have peak intensity

within a forward-directed core with half-angle 1/Y (where y = E (MeV)/.511 is

the reiativistic energy parameter), and to have significant spectral content

in the 100 eV to 10 keV photon energy range. A partial list of these photon

generation processes is shown in Table I.
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Table I: Photon Generation Mechanisms

Mechanism Type of Interaction

Transition radiation Planar dielectric boundary

Cerenkov radiation Photon shock wave

(Particle velocity > photon velocity)

Smith-Purcell effect Scattering from grating surface

Channeling radiation . . . . . Crystal potential •

Synchrotron Radiation Bending in magnetic field

Table I includes a wide variety of mechanisms that share common

characteristics in the angular and spectral distributions of the generated

photon beams.

In the notes below I would like to offer some simple physical

explanations for the characteristics which are shared by these processes.

This discussion will be followed by some examples based on experimental

results attained during the last eighteen months at the LLNL electron-position

accelerator.

Virtual Photons

Many of the basic characteristics of relativistically generated photon

beams can be understood in terms of the Coulomb fields of the incident

particles. Consider Figure 2.

Here, the Coulomb field of an electron at rest is radial, isotropic, and

has an amplitude which varies with 1/r . For an electron in motion, the

fields tend to compress in the transverse direction as the velocity increases;

so that the fields are no longer isotropic, but retain their radial and

"inverse square" characteristics. Finally, as the particle velocity

approaches c, the speed of light, the fields become more and more photonic;

that is, become completely transverse.



46

H.

O

l/J VYlOTlO/p

/"*

o

FIELDS

Figure 2. Relativistic Electron Coulomb Fields

From a slightly different perspective, a relativistic electron can also
be considered to be a "pig pen" type of character that is accompanied by a
diffuse, ever present "virtual" photon cloud, as in Figure 2.
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Figure 3. Relativistic Electric Field Measured by Observer

In order to be more specific, consider Figure 3 where an observer with
impact parameter "b" measures the time-dependent transverse electric f ie ld of
a passing electron. With a perfect detector, the observer would measure pulse
with width At given by:

b
At - , where: (1)

Y v b = impact parameter
Y = E (MeV)/.511
v = electron speed

And, the observer will measure a pulse with large frequency contributions, u,
in the neighborhood:

2 A t
(2)
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In order to pursue the study of these fields, Figure 4 shows the electric

field distribution in a plane perpendicular to the particle velocity.

©->

* TZZ

~ S * *~
Figure 4. Electric Field Distribution in a Plane

A ring in the plane with radius b about the particle trajectory will

experience an electric pulse with a width At given by Equation 1. In fact,

the entire disc of the plane with radius b can be considered to be coherently

illuminated by a pulse with strong frequency components in the neighborhood

given by Equation 2. Classical optics has established that a disc with

diameter D, illuminated by radiation with wavelength X will radiate at the

same wavelength into a beam with diverging half-angle given by:
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A8 - (3)

In the present case, using Equation 2 to find the wavelength of interest, we

obtain:

A6 =
Dv

c2At

2b

cb

byv

1

BY
where p = v/c (4)

For relativistic velocities, B 1 and we find

1
A6 « — (5)

Figure 5. Radiated Beam Divergence

Thus, the beam is re-radiated with a divergence angle of 1/Y» regardless of
the frequency of interest (Figure 5). For example, longer wavelengths are
radiated by larger-radius areas and retain a similar divergence. This result
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can also be obtained by a more rigorous Fourier analysis of the particle's
electric f ield distribution. Thus, i f the photon generation processes
mentioned in Table I can be considered as mechanisms for perturbing the
virtual photon field of a relativistic particle, then Equation 5 suggests that
these processes will tend to "release" photons into forward-directed cones
with half-angle 1/y.

The intensity of the virtual photon field can be estimated with a more
formal Fourier analysis of the time-dependent field in Figure 3. Here,

— / E ( t ) e i a ) t dt = / —
2TT J \4 IT 2 bv / \ y V>

(6)

Uw2 e bv

where e0 = dielectric constant. Following Panofsky & Phillips , the total
energy contained in the field is then given by:

e eo
o r

U = 2 frid3r = 4ire.
Y v

Jmin

1 /*,
/ ' E (

J 17

d<>> 2irb d b (7)

The spectral energy density U
(0

dU

dw
can be iden t i f i ed from (7) as:

U = -
u> IT \ 4ue V0 Mbm1n

(8)

1. W.K.H. Panofsky and M.N. Phi l l ips, Classical Electr ic i ty and

Magnetism, {Addison. Wesley, Cambridge, Mass. 1962), p. 350.
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F ina l l y , Uu can be converted to photon density N(<u):

Uu 2a / 1 \
N(u) = — = — . ( - )ln(TA) , (9)

no) TT V 0)/

where 1/137 is the fine structure constant and A is a constant of the order

of one. Equation (6), (8), and (9) show characteristics which frequently

appear in the analysis of photon generation by relativistic electrons. In

particular, Equation (8) has a broad energy spectrum which is independent of

frequency and only weakly dependent on the particle energy. In Equation (9)

the photon density has a constant prefactor of about 1/200 and explains the

relatively low photon densities encountered with comparatively high electron

energies.

Relativistic Kinematics

One further topic must be considered before photon generation can be

discussed. Figure 6 illustrates the relativistic compression of photon

wavelengths in these systems.

In part (A), the photon is shown incident on a physical system with

characteristic period Ij. However, in the electron rest frame, the

characteristic period is Lorentz contracted to l^/y as shown in (B). In its

own rest frame the electron will preferentially radiate frequencies with 1 =

1J/Y. However, back in the lab frame (c), the radiated photons will be

further Doppler shifted by the factor ~ 1/2y. Thus, the final radiated photon

wavelength becomes

2y2

This result represents a dramatic relativistic compression of photon

wavelengths generated by periodic structures. Some examples of this effect

are given in Table II.
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Figure 6. Relativistic Wavelength Compression
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Table II.

Relativistic Wavelength Compression: Examples

Process

Backward Wave Oscillator

Smith-Purcell Effect

1.5 cm lmm (30 Ghz)

.003 cm- 6000 A(visible)

Transition Radiaton

o X-ray Source

o Optical Beam Diagnostic

o High Y Particle Detector

Synchrotron Radiation

o Wiggler

o Undulator

40

125

2'10

10

2.5-

4

103

io-4

2.5
0.15

70cm

15cm

cm
cm
cm

3A (4 keV x-ray)

8300 A (infrared)

2.10"2A (600 keV Y ray)

3mm(100 Ghz)

12AU keV x-ray)

These examples show that electrons with various relativisitc energies

propagating through a periodic structure can generate photons with energies

from the microwave to y-ray spectral regions. For high Y'S, macroscopic

structures will produce coherent beams with microscopic wavelengths. The

relativisitic and periodic structures do not generate the photons, but rather

provide a method to exploit a wide variety of basic photon generation

processes.

This effect does not generate any photons, but given a generation technique,

this process can be used to extend the photon wavelengths to regions which

would not ordinarily be accessible.
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Photon Generation

In order for photons to be generated, it is necessary for a small portion

of the electron kinetic energy to be "converted" to a photon which can

propagate away from the electron position. For the processes listed in Table

I, conversion of electron kinetic energy occurs over a finite distance called

the "formation" length or "coherence" length. During its passage through a

formation length, the relationship between the electron position and the phase

of photons in the virtual photon packet may undergo a shift on the order of

one radian. This relative phase shift results in the deposition of electron

kinetic energy into a photon of an appropriate frequency. (In a fashion

similar to lower frequency travelling wave amplifiers). Because there is a

wide range of relative phase shifts which can extract energy from the

electron, there is no ideal definition of "formation" length. As a result,

different authors may use different techniques and criteria to attain equally

useful, but different forms for the formation length.

For example, with transition radiation, the relative phase shift occurs

as an electron crosses the boundary between two different media. Here, the

formation length can be defined as the minimum amount of material required for

significant photon generation. But this quantity will vary depending on the

magnitude of the change in dielectric constant across the boundary, and the

formation length for a given material can depend on the second medium in the

system. Further confusion can occur from interference effects if the material

thicknesses are comparable to the formation lengths.

Fortunately, this confusion affects only our ability to design these

photon sources, and not the fundamental efficiencies of the processes. The

principles outlined above can be used to enhance specific properties of these

sources for different practical applications. In particular, relativistic

compression of spatially periodic systems allows design of periodic

microstructures with periods on the order of one to 100 pm to resonantly

generate photons with wavelengths from one to 10^ A, depending on the electron

energy of interest. And further, the incorporation of crystaline, atomic and

nuclear resonances into the medium allows an additional degree of freedom for

resonant photon generation.
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Cerenkov Effect

For example, the Cerenkov effect is well known for optical photon

emission by relativistic electrons whose velocities exceed the photon speed

c/n (where n = e(u>), the index of refraction) in the medium through which the

electrons are passing. In this case, the electron kinetic energy is deposited

into Cerenkov photons as they propagate away from the electron trajectory.

But for x-ray frequencies, n is generally less than one; thus the photon phase

velocity is greater than c, and Cerenkov emission does not occur. However, in

some cases with photon energies near resonant x-ray absorption lines, n may

slightly exceed 1, and Cerenkov emission becomes possible. This can occur for

both atomic level absorption (carbon k-edge at 284 eV, for example) or for

some narrower nuclear absorption lines (Fe54 14.3 keV line being one possible

example). Photon generation by these systems has been suggested by previous

authors and some basic experiments have been attempted. But a careful study

of this type of source has never been reported.

A Cerenkov x-ray source is an attractive possibility because high photon

intensities are feasible. The photon intensity is inversely proportional to

the formation length, which can be sub-micron distances for the Cerenkov

effect. And since roughly one photon is generated per formation length, it is

possible that photon generation rates can be large with respect to most of the

other processes listed in Table I.

Transition Radiation

Transition radiation is generated when an energetic electron crosses the

boundary between two different dielectric media.2 For a single material

interface, transition radiation spans a broad spectrum with energy density

that is independent of frequency. The radiation is generated in both forward

and backward directions; but for relativistic electron energies most of the

radiation is in a narrow forward-directed cone.

2. for an introductqry list of reference on Transition Radiation see

P.J. Ebert, Phys. Rev,v Letfl., 54*, p. 834, March 4, 1985.
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Past measurements of transition optical and x-ray photons have
demonstrated many of the principles outlined above. For nonrelativistic
particle velocities and optical frequencies, transition radiation has been
demonstrated as a bright photon source. The photon energy spectra of these
sources have been shown to clearly reflect dielectric resonances in the media
of interest. More recently, Paul Griffin at ORNL has developed a combined
single surface transition radiation and bremstrahiung source with 4 keV
electrons for use as an absolute photon source in the uv spectral region.

Finally, a recent series of transition x-ray measurements at the LLNL
electron-position linear accelerator has clearly demonstrated the spatial
coherence of photons generated by periodic arrays of surfaces. Coherence in
this context refers to the fact that photon generation in a multisurface
system occurs when the surfaces are all driven by the same source (an electron
in this case).

These experiments demonstrated that each photon generated by a single
thin foil was spatially coherent with respect to both of the foil surfaces.

Figure 7 shows how this effect was demonstrated by the angular distribution of
transition x-rays from a stack of single foils.

1

Coherent sum

0.02 0.04 0.06

Angle (radians)

0.08 0.10

Figure 7.
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The spatial coherence doubles the peak intensity and narrows the angular
distribution, compared to the distribution that results from an incoherent sum
from two surfaces.

Preliminary results from a subsequent experiment have also demonstrated

that photons generated by a stack of four closely-spaced 0.6 \m-thick

polypropylene foils were spatially coherent with respect to the entire

structure. Figure 8 shows a plot of the angular distribution expected from

single foils and the experimentally measured distribution.

I . » . ANGULAR 0I5TKHUTI0N C O * * * I SON; rrjLYMOmENE FOIL STACK
r i t t S . . 0AIOW • . . ltDATAV • . . ISMTAV

E+022

Figure 8. Spatially Coherent Transition Radiation

The experimental data displays a strong "fringing" behavior that results

from inter-foil interference. In this case, 50A photons are interfering

throughout a structure with 125pm periodicity and a total length of about
400 u.

Several different approaches are being pursued in order to exploit the

coherent properties of these sources. As long as the systems incorporate no
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stimulated effects, coherence cannot increase the total source emission, but

coherence can be used to provide better definition and higher peak intensities

of the photon emissions. For transition radiation, this definition takes the

form of a well-defined energy vs. angle dispersion of the emitted photon

beam. For a source with N surface pairs, the x-ray energy at a given angle

can be monochromatic with bandwidth (AW/OJ)*.-^ 1/N. In addition, the peak

spectral intensity increases as N^. The processes listed in Table I are

vulnerable to exploitation by these techniques, and may lead to the

development of useful and unique photon sources of uu and x-ray photons in the

relatively near future.
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Abstract

The physical mechanisms effecting the generation of non-radiative
surface plasmons by charged particles and their subsequent decay by
interaction with surface roughness are described. Features of the
radiation related to each process are illustrated using data from
rough Ag surfaces.

Energetic electrons incident on a metal surface produce radiated
light by several processes. Two of these processes, generating light
termed transition radiation and Bremstrahlung, act on all metals and
are generally dominant for incident electron energies greater than a
few kilo-electron volts. Transition radiation is associated with the
collapse (creation) of the electron dipole formed by the electron plus
its image charge as the electron enters (or leaves) the surface.
Rremstrahlung fs produced by electron scattering in the surface region,
These processes have been the subject of numerous experimental and
theoretical studies spanning several decades. [1-5]

A third process, which we will call Roughness Coupled Surface
Plasmon Radiation (RCSPR) is produced when charged particles are in-
cident on rough metal surfaces which can sustain non-radiative surface
plasmon oscillations. [6] These surface modes are non-radiative on a
perfectly smooth surface, but can radiate efficiently in the presence
of surface roughness. [7-11] We Will first give a qualitative dis-
cussion of the physical processes leading to RCSPR and of the models
used to describe these processes. We then describe RCSPR data taken
on Ag surfaces and apply a perturbation theory to account for the
observed emission spectra. Rough surfaces can be conveniently
described theoretically in two extreme limits. If the roughness is
sufficiently small to be treated by a perturbation theory, it may be
analyzed using auto-correlations functions which provide a wavevector
spectrum of the surface roughness. [10,12] Each component of this
surface roughness spectrum can then be treated as a grating coupling
plasmons to photons. At the other extreme, the rough surface can be
treated as a collection of discrete surface microstructures such as
spheres or spheroids. [13, 14] Standing wave surface density modes
generated by charged particles will radiate at the characteristic fre-
quencies of the surface modes. Many real surfaces fall between these
two extremes so that neither model is entirely appropriate.
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In our most recent work at ORNL, we have obtained data from sur-
faces which have been prepared with discrete and well characterized
microstructures. Radiation from both oblate and prolate spheroids has
been measured. Both the observed frequencies and angular radiation
patterns were found to be in good agreement with model calculations.
[14]

Here, however, we will present data from naturally rough Ag sur-
faces, which we will discuss using the perturbation approach. [15,16]
This choice is dictated by the purpose of this paper, which is to
identify and characterize the physical processes operating, rather
than to provide a detailed explanation of new data.

In the small roughness limit, RCSPR results from a two step pro-
cess, and each step may be examined separately. First the charged
particle produces the "non-radiative" surface density wave. And
second these waves radiate through their interaction with the rough
surface.

The usual non-radiataive surface plasmon dispersion curve is shown
in Fig. 1 with the wavevector axis scaled to the wavevector of a pho-
ton of equivalent energy. In the range below K £ 2 on this scale,
relativistic retarding effects reduce the frequency to values near the
light line. Gratings and high index substrates have been used to pro-
vide photon-plasmon coupling in this range [17-21], but as we shall
see below, these plasmons are not efficiently produced by non-
relativistic electrons. Above K * 2, retarding effects are small and
the plasma frequency is approximately constant.

Wilems and Ritchie give an expression for the probability of pro-
ducing plasmons in the non-retarding region as a function of incident
electron angle and energy, and of plasmon frequency and wavevector. [4]
For the simplest case of normal incidence electrons, this expression
may be put in the form ^c

- 4P
max

me2

PHOTONS
<u*ck

<
cc
t-
ffl
E
<

k(UNITS OF u,/c)

Fig. 1 Surface plasmon dispersion
curve

where K is the wavevector in
the units of (ws/c) used in
Fig. 1; E and m are the charged
particle energy and mass. This
expression is plotted in Fig. ?.
as a function of E and K. The
probability of excitation has a
peak at K2 = (mc2/2E) and falls
off sharply for smaller values
of K. For E = 100 eV, the peak
excitation occurs at K = 50,
and for E = 1000 eV, at K = 16.
Plasmons with K2 « inc2/2E have
a low probability of excitation.
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H g . 2 Probability of generating non-radiative surface plasmon:; of
wavevector K(a^/c) by charged particles of energy E. Also shown is a
roughness spectrum with high-q peak at q = 8.0.

For energies below 1.2 KeV, few photons are excited in the retarding
region where K < 2.

It is instructive to rewrite this equation in terms of the phase
velocity of the plasmon wave with wavevector k = Kfwg/c) = ug/vn and
of the charged particles velocity given by v e

2 = 2E/m

P < V Ve> = 'v 2/v :ve / vp
(2)

The peak occurs where ve = vp and we see that plasmons are most effi-
ciently excited when their phase velocities match the velocity of the
charged particle. Particles with higher phase velocities are excited
with very low efficiency. A robust general conclusion is that non-
relativistic low energy charged particles do not excite the long wave-
length plasmons of greatest importance in attenuated total reflectance
(ATR) and grating studies.

Roughness coupled radiation of a plasmon of wavevector k due to
interaction with a component of the roughness spectrum with wavevector
q may be viewed physically as a coherant scattering of the plasma
wave from the surface corrugation. This is most conveniently
described in terms of the conservation of wavevector illustrated in
Fig. 3. Light emission can occur when the component of photon wave-
vector k^ parallel to the surface is equal to the sum of k^ and £, i.e.

h.9sine = Ji + s. (3)
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where 9 is the angle of the
radiated light with the sur-
face normal. A particular
simple result obtains when
light is observed perpen-
dicular to the surface so that
sine = o and

Kl-M (4)

Fig. 3 Wavevector Conservation
for RCSPR.

(normal radiation)

Thus light emitted normal to the surface is produced by the radiation
of plasmons whose wavevectors match those of the roughness spectrum.
Unfortunately this does not provide a direct means of doing "roughness
spectrum" spectroscopy because .plasmons of different k-vector all
radiate at very nearly the same frequency.

On naturally rough Ag surfaces, formed by evaporation of Ag onto
glass, quartz or Ag substrates, we have found that a good account can
be given of the observed emission spectra if it is assumed that the
roughness spectrum contains a single well defined peak with a central
wave-vector in the range 5 < q/C^/c) < 10, which couples electron
excited plasmons to the photon field. [16] This assumption contrasts
sharply with the usual assumption used to interpret rough surface
reflectivity and light scattering data, where a gaussian distribution
of roughness components with its maximum at q = 0 is assumed [22,23]
Though presumably present, these small q components of the roughness
spectrum do not play an important role in electron generated RCSPR
because few small k-vector plasmons are generated by low energy
electrons. The roughness spectrum assumed is illustrated in Fig. 2
where a high-q peak in the roughness spectrum is centered at q = 8.

Photomicrography of evaporated Ag surfaces gives some direct
support to the assumption of a high-q peak in the roughness spectrum.
Fig. 4 shows a photomicrograph of a 100 a evaporated Ag film that
shows microstructure with characteristic horizontal dimensions of
several hundred Angstrom's. In thicker films, surface structure of
comparable dimensions is usually observed so that the photo
micrographs show structure rather like the pebbled surface of a
leather football.

Data showing RCSPR for rough Ag surfaces is shown in Figs. 5
through 7. In Fig. 5, emission spectra generated by 500 and 1000 eV
electrons incident on a relatively smooth surface show peaks at both
the volume and surface plasma frequencies. Radiation peaking at 3300^
is p-polarized and may be attributed to ordinary transition radiation.
The peak at 3450A is produced by RCSPR and is unpolarized.
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Ag ON Ag

0=4Odeg

Fig. 4 (above) Silver
surface showing roughness
with characteristic
horizontal dimension of
about 500A.

3000 3200 3400 3600
WAVELENGTH (A)

3800 4000

Fig. 5 (left)
Emission spectra for Ag
showing both transition
radiation and RCSPR peaks
at Av and xs respectively.
(- - -)Before evaporation.
( JAfter evaporation.
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In Fig. 6a, normal emission from a rough film, for which RCSPR
completely dominates the emission spectrum, is shown as a function of
electron energy. The radiated intensity increases with energy less
rapidly than linearly in energy as shown in Fig. fib. With the assump-
tion that there is a single high q peak in the roughness spectrum,
Fig. 6b can be interpreted as a measure of the energy dependence of
the production of plamons with wavevector of | k | «| q| . By fitting
the curvature of this curve, the q-value of the peak in the roughness
spectrum can be determined. Using the simple expression in Eq. 1, the
curvature is found to be consistent with a q-value of about q = . A
more accurate value will be obtained below from a more systematic
analysis of the data.

Fig. 7 shows spectra taken with a fixed electron energy of 300 eV,
but on surfaces of increasing roughness produced by the slow evapora-
tion of additional Ag. The RCSPR grows rapidly in magnitude and
shifts to longer wavelength. Note also that the peak is broad and
extends to energies above the nominal position of the surface plasmon
energy.

Kretschmann analyzed this data using a perturbation approach. [16]
The zero order fields were those produced by electrons incident on a
smooth surface [24] and include both the radiated fields (transition
radiation) and the fields associated with non-radiative plasmons. The
data were analyzed that a single high-q peak in the roughness -
spectrum provides the perturbation. The theory gives a good account
of the data presented in Figures 5 through 7. The analysis of the
dependence of the RCSPR intensity on electron energy shows that the
results of Fig. 6 are consistent with a roughness peak centered at
qo = 6.25 ois/c which corresponds to a characteristic horizontal
dimension of 560 A. The physical content is the same as previously
discussed in Eq. 1.

A surprise result is that the roughness not only allows the
plasmons to radiate, but predicts that the radiated spectrum will be
split about the surface plasmon frequency by a plasmon-plasmon
interaction. The result is shown in Fig. 8 for a single roughness
component represented by a delta function at qo. Emission intensities
are plotted for different values of the roughness parameter b =
<S2>1/2/*o where <S2>1/?- is the rms height of the roughness and *o j t s
wavelength. Increasing roughness has the effect of increasing both
the intensity and the splitting of the radiation. This splitting has
been observed for potassium [25], For Ag however, the close spacing
of the volume and surface plasmon energies and the presence of a range
of roughness components about q0 prevent the splitting from being
resolved. In this case, the unresolved splitting results in a single
peak whose maximum shifts to larger wavelengths as the roughness
increases. This is in agreement with the experimented results of
Fig. 7. The unresolved small short wavelength peak accounts for the
presence of emission radiation below the surface plasmon wavelength in
the data.
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It is obvious from Fig. 8 that both the intensity and splitting
increases with roughness. These changes in the spectra are both
correlated with the roughness parameters b. In the experimental data
of Fig. 7, the peak shifts and increases in intensity have been shown
to be consistent with each other and with the predictions of the
theory. [15]

We conclude then that the observed spectra from RCSPR depend both
on the distribution of plasmons produced by energetic charged par-
ticles, and on the fourier spectrum of the roughness that couples
plasmons to photons.

For all metals, higher energy changed particles produce plasmons
of smaller wavevector with the peak production occuring where the par-
ticle velocity matches the plasmon phase velocity. For metals like
Ag, a high-q roughness component corresponding to structure with a
horizontal scale of a few hundred Angstrom's appears to produce most
of the observed radiation.
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Experimental measurements of optical absorption by silver particles

modeled as oblate spheroids display two resonances at two different fre-

quencies and polarizations. Two dipolar surface plasmons are respon-

sible for these resonances. These surface plasmons correspond to charge

oscillations on the major axis (&=l,m=l) and on the minor axis (&=l,m=0).

(See Fig. 1.) The analogous cases of symmetric and antisymmetric oscilla-

tion on a thin film are also shown. The dispersion curves for the modes

split for thin films and are shown in Fig. 2.

The resonance behavior for oblate spheroids is generated by the

frequency-dependent term in the denominator of the cross section for

p-polarized light:

I 4TTCO r [e(m) - 1] 2n [e (CJ) - 1] . 2
a t o t a l l p - P o l = — f l [ e M - e u j c o s 6 + f2 [£(o)) - e 1 0] s i n

where £ (uo) is the complex dielectric function for the material of the

spheroid, f and f are functions of the shape and the volume of the

particle, and £ and £ are real functions of shape only. Thus, the

resonance position is a function of only the shape of the particle, and

the width of the resonance depends upon the slope of Re{£(od)} and the

magnitude of Im{£(oj)}. The value of the dielectric function for which

resonance occurs is given by:

*Research sponsored jointly by the SDIO under DNA Task Code X99QMXXD
and Work Unit Code 0003; AFWL, under Interagency Agreement DOE No. 40-
1418-83; and the Office of Health and Environmental Research, U. S.
Department of Energy, under contract DE-AC05-84OR21400 with Martin
Marietta Energy Systems, Inc.
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- £res(£ll + eio> + eil610 = ° ' (2)

If the spheroids are in contact with a substrate, such as is the case

(2)
for heat-treated metal island films, the electromagnetic interaction of

the substrate must be included. If the particle is fully surrounded by

a medium with a dielectric function e (oo) , resonances for the two modes

would occur when £ and £ are replaced by £„£, and £ £ , respectively.

Another approach must be used if the particle resides upon a substrate

so that it is only partially surrounded. For a thin film on a substrate

{£ = 1 elsewhere), Eg. (2) becomes:

L 2 J (£sym + W + £ 0 ( W ) £
£

£ - £ — (£ + E ) + £n(0))e £ = 0 . (3)
res res |_ 2 J sym asym 0 sym asym

where £ and £ satisfy the boundary conditions for symmetric and
sym asym

antisymmetric oscillation. We make the analogy between the {J£=l,m=l)

mode of the spheroid with the symmetric mode of the thin film and the

(&=l,m=O) mode with the antisymmetric mode. This can be seen to be the

case if the spheroids are very close together or are very flat. The

dispersion curves for the three cases are shown in Fig. 3 using quartz

as a substrate. We thus must determine the frequencies for which the

bulk dielectric function of the particle material matches the solutions

to the following:

<u» + 1"!

- T - J ( £ n + £io> + £ o£res " £res |_ 2 J (£11 + £10 ) + £0(u))£ll£10 = ° '

Experimental measurements have shown shifts which agree well with the

above theory. These were done using silver or gold particles on quartz

slides. The particles were also surrounded by xylene liquid which matches

the index of refraction of quartz, and a shift predicted by Fig. 3 was
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observed. A separate experiment involved electron impact on similarly

prepared silver particles on silicon. Although the (£=l,m=O) peak

was observed slightly shifted from the free particle case, no peak cor-

responding to the (£=l,m=l) mode was seen from 300 nm to 600 nm, which

was the limit of the photomultiplier used. Plotted in Fig. 4 is the

predicted absorbance of a silver particle on silicon. Note that the

(&=l,m=0) mode is only slightly shifted but that the (£=l,m=l) mode is

shifted to the near infrared, past the region covered by the experiment.

In a series of the experiments on electron-bombarded samples, the quad-

rupolar surface plasmon modes were also observed by radiative decay, and

the data provide further tests of our elementary model of the substrate

effect, although detailed checks have not yet been made.

We thus see that the substrate significantly affects surface plasmon

oscillations. The use of the simple theory presented above appears to

provide satisfactory agreement with experimental observations.
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Fig. 1. Internal field plots for surface plasmon oscillations on
a thin film (a and b) and a thick film (c). The analogous oscillations
on a spheroid also are shown.



ORNL-DWG 67-12098
I

)RMAL MODE

I 1

I

TANGENTIAL MODE

1
0 0.5 1.0 1.5 2.0 2.5 3.0 3.5 4.0

KT
Fig. 2. Dispersion curves for a film of thickness t .



77

R
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Wavelength (nm)
Fig. 3. Calculated position of resonance in silver spheroids as a

function of minor-to-major axis ratio (R). Curves extending to short
wavelengths describe oscillations with charge antinodes on the minor
axis (&=l,m=0)/ while the curves extending to long wavelengths describe
oscillations with charge antinodes on the major axis (£=l,m=l). Dotted:
particle in vacuum; solid: particle on quartz; dashed: particle fully
surrounded by a medium with an index of refraction of quartz.
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Fig. 4. Calculated p-polarized optical absorbance at 70° of a film

composed of silver particles with R = 0.4. The long wavelength resonance
peak shifts radically with changes in substrate.
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This paper describes three physical systems in which the

surface modes supported by each sample play prominent roles

in the emission and absorption of light. The three systems

are: 1) a sheet of electric dipoles placed near a conducting

surface, 2) a metal-oxide-metal tunnel junction, and 3) a

single metal-dielectric interface. Each of these supports the

familiar surface plasmon mode, but the increased complexity of

the first two structures produces an enriched mode-spectrum that

gives rise to a number of interesting features.

Electric-Dipoles Near a Surface

The interaction between electromagnetic radiation and an

electric dipole is a fundamental process in physics. When the

dipole is placed within a few wavelengths of a conducting surface,

the major features of the interaction are changed from those

observed for an isolated dipole. Experiments at optical fre-

quencies have demonstrated (1) the strong dependence of the

molecular fluorescent decay rate on the separation d between

a molecule and a metal surface, (2) the transfer of energy

between molecular dipoles and surface plasmons on the metal

surface, and (3) the ability of the dipole-surface inter-

action to enhance the strength of such processes as molecular

Raman scattering and molecular fluorescence. In addition to

these three effects, theoretical treatments of the problem also

predict the existence of a shift in the dipole's resonance
7 8frequency. ' This frequency shift is a universal feature of

the dipole-surface interaction, but it has not been observed
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for molecular dipoles owing to the anticipated small size of

this shift and the broadening introduced by the surface.

We have recently observed and characterized (at optical

frequencies) the surface-induced frequency-shift of an electric-

dipole resonance by means of the experimental system shown in
Q

Figure 1. Our samples consist of a glass substrate overcoated

with a layer of silver, a subsequent layer of lithium fluoride,

and a silver (or gold) island-film. The constituents of the

island-film support a strong and rather broad electric-dipole

resonance. The LiF layer of thickness d serves to separate

these islands from the silver surface in a controlled way.

For sufficiently small values of d , the islands interact

very strongly with surface plasmons at the Ag-LiF interface.

It has been shown, for example, that for an excited molecule

placed within a few hundred Angstroms of a metal surface, the

surface plasmon can be the dominant de-excitation channel for
2

the molecule.
The surface-induced frequency shift can be observed most

easily by measuring the near-normal reflectivity of the sample

in Figure 1 with light incident upon the island-side of the

structure. The results of three such measurements are shown

in Figure 2 for Ag-islands and spacer thicknesses d - 80 A,

270 A, and 460 A. In Figure 2, the reflectivity of the Ag-LiF

island structure (Rg) has been normalized by that of the

Ag-LiF structure (Ri). In the absence of the Ag-underlayer,

the Ag-islands exhibit an absorption band centered at wavelength

X = A00 nm. It is clear from Figure 2 that this absorption

feature shifts with changes in the separation distance d.

Figure 3 shows the change in the position of this reflectivity

minimum (absorption maximum) as a function of d . The solid

curve in Figure 3 is that extracted from the classical theory
7 8

given by Chance, Prock, and Silbey, ' The agreement is quite
good, although an improvement has been suggested quite recently .^

When the Ag-islands are replaced by Au-islands, the results

in Figure 2 are changed to those in Figure 4. The absorption
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resonance in the Au-islands appears near X « 550 run and shows

a variation with d that is qualitatively similar to that for

the Ag-islands. It is important to note that Figure A also

shows the growth of a second absorption feature near X = 350 nm,

the surface plastnon resonance wavelength, with decreasing

distance d . This feature also appears as a shoulder in curve

a of Figure 2, but is difficult to examine due to the proximity

and width of the Ag-island resonance near X = 400 nm. One may

speculate that for small separation d , the islands act as

surface roughness and couple photons to the surface plasmons.

A more complex interpretation has recently been suggested by
12

Agassi et al; a definitive statement about the actual mechanism

for the absorption feature near X *= 350 nm awaits further theoreti-

cal and experimental investigations.

The depth of the reflection minima in Figure 2 indicates

that there is a strong interaction between the island-dipoles

and the surface modes, particularly for d * 270 A. This inter-

action can be explored in yet another way by replacing the

island-film in Figure 2 by a layer of molecules, in this case

Rhodamine B, and examining the behavior of the molecular

fluorescence as a function of d . Figure 5 shows the ratio

^A^REF vs* ** ' w h e r e *A i s t h e f l u o r e s c e n c e a t wavelength
X = 580 nm measured in air using the geometry of Figure 2 and

I D r p is the fluorescence from a similar quantity of dye deposited
13

directly on a microscope slide. The Ag/LiF/air system supports

a set of "waveguide modes," the lowest-order member of which

is the surface plasmon. Higher-order modes appear with in-

creasing d and their interaction with the molecules leads

to the peaks in Figure 5. Note that this is an "enhancement"

mechanism since l^^REF = 150 under optimum conditions, an im-

provement over the previous result which gave a factor of

fourteen.
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Light-Emitting Tunnel Junctions

The 1976 report by Lambe and McCarthy of light-emission

from planar metal-oxide-metal (MOM) tunnel junctions stimulated

widespread interest in the optical properties of MOM structures.

A typical MOM structure is illustrated in Figure 6. Light

emission takes place when an applied voltage (typically 2-6

volts) V, causes an electron to tunnel across the oxide barrier

between the two metals. The tunneling electrons gives up their

energy by exciting one or more of the electromagnetic modes

supported by the structure; the modes in turn decay by both

radiative and nonradiative processes. The photons emitted by

MOM tunnel junctions form a centinuum in energy up to the value

eV, where the intensity rapidly falls to zero. The continuum

photon distribution contains a broad peak that changes with

the bias voltage V, .

Structures such as the one shown in Figure 6 typically

support three modes: two "fast" modes whose properties resemble

those of surface plasmons at Ag/air and Al/glass interfaces,

and one "slow" mode which is closely associated with the oxide-

barrier region. We have analyzed in detail the modes of

the structure shown in Figure 6 for oxide thicknesses in the

range 30 A <_ (x3~x2) £ 80 A. Magnetic field profiles for the

case Xo~x2 = 30 A are shown in Figures 7 through 9 for each of

the three TM modes mentioned above. It is important to note

that each of these modes is nonradiative in the absence of a

perturbation such as surface roughness or a grating. There

is at present some debate over the relative contributions

of these modes to the observed photon emission. The controversy

centers on the fact that while the tunneling electron is most

likely to excite the "slow" mode, the slow mode required very

short-period surface roughness Fourier components in order to

radiate. Experiments by Kirtley et al leave no double that

the "fast" mode at the Ag/air interface does contribute signi-

ficantly to the overall light emission process.
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Single Metal-Dielectric Interface

While light-emission from surface plasmons at a single

metal/dielectric interface has been widely studied, there is

at least one curious feature that requires further attention.
17 18Two relatively recent papers ' have reported observations

of surface plasmon radiation at photon energies smaller than

that of the initially excited surface plasmon. We have re-

produced these results by optically exciting surface plasmons

on silver-films deposited on holographic gratings. When the

surface plasmons are initially excited by the 5145 A line of

an Argon laser incident at the correct phase-matching angle,

a low-level continuum of radiation emanates from the grating.

The continuum extends from the excitation wavelength through

the visible and into the near-infrared, with each wavelength

emitted into an angle that satisfies the surface plasmon

dispersion relation. As expected, the emission is p-polarized,

and there is no doubt that the photons are emitted by surface

plasmons. When corrected for system response, the intensity

distribution (intensity vs. photon energy) of the emitted

photons is rather flat and featureless.

The most important question at the moment concerns the

origin of this lower energy radiation. It is clear that

the process involves the inelastic scattering of the initially

excited surface plasmon. It has been suggested that the

surface plasmon scatters from a conduction band electron in

the metal. It remains a challenge to establish this as a

fact.

Summary

The previous paragraphs have briefly described three

systems in which the propagating surface mode(s) supported by

the structure plays an important role in the optical emission

and absorption properties of the sample in question. In each
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case, the surface modes produce major effects that cannot be

neglected. The discussion of each system points out areas

where further efforts are required.
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FIG. 1. Cross section of three-layer sample geometr)
used in the present experiment. The continuous silver
film has a thickness of 50 nm. The thickness of the LiF
spacer layer, d. was varied between 5 and 80 nm. The
silver island film had a mass thickness of 3 nm.
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FIG. 3. Variation of observed silver-island resonance
wavelength shift .}X = X - x0 *iih spacer-layer thickness
d. The solid curve is the wavelength shift predicted by
classical theory.
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FIG. 2. Measured specular reflectance of silver-island
samples R7 (normalized by Ag-LiF reflectance K,) as a
function of wavelength for three different values of
spacer-layer thickness d. The minima near x - 400 nm
correspond to absorption by the silver islands Curve a,
rf«8nm;curve b. d*= 27 nm. curve c, ^-=46 nm.
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FIG. 4. Measured specular reflectance ratio R2/R1
(obtained as in Fig. 2 only with gold islands replacing the
silver islands) as a function of wavelength for three
values of spacer-layer thickness d. The minima near
X - 540 nm correspond to absorption by the gold islands.
The minimum near x -350 nm which grows with de-
creasing d is associated with coupling to the surface
plasmon via islands giving the effect of surface rough-
ness. Curve a. d-2] nm; curve b, rf-4I nm; curve c.
d" 51 nm.
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Figure 7. Fast mode associated
with the Ag/air interface. Dashed
line identifies zero.
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Abstract

First-order perturbation theory has been used to calculate light
scattering from surfaces which have root mean square (rms) roughness
values much less than a wavelength and rms fluctuations in the dielec-
tric permittivity much less than the background dielectric constant.
The nature of correlation between the roughness and dielectric pertur-
bation is seen to have a significant effect on the characteristics of
the angle-resolved scattering. Such characteristics may be a possible
means of estimating the strength of dielectric perturbations as a
source of scattering.

Introduction and Background

Calculations involving photon scattering from random surface
roughness, which has a small peak-to-peak average as compared to the
wavelength, is a well known area1 and will not be discussed in detail
here. The basic result of scattering from planar interfaces caused by
such surface roughness is given by

i d P i

f < d r r > - ^ n p r r + i s r i 2 i e ( * o - * > . <*>
o A

where Po is the time-averaged power incident on the surface and
<dP/dfl> is the average differential scattered power dP per unit solid
angle dft = sin9d9d<j>. The angles 8 and $ are the polar and azimuthal
angles of scattering, respectively. The wavelength is X where pr and
sr are the relative amounts of scattered light which are polarized
parallel (p) and pependicular (s) to the plane of scattering, respec-
tively. The X, pr, and sr are completely independent of the sur-
face roughness and depend only on wavelength, angles of incidence and
scattering, optical constants, and polarization. The gr(k0 - ^) is
the average power spectral density of surface roughness where the r
subscript refers to roughness. The argument k*Q - TT refers to the
fact that the Fourier composition of surface roughness roust make up for
the difference, before and after scattering, of the wave vector compo-
nents parallel to the surface. The ko and k vectors are these compo-
nents, respectively, of the incident and scattered photon.
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Note that the p/s polarization ratio of the scattered field is
predicted to be

R (2)

as indicated in Eq. (1). Clearly, the power spectral density of
surface roughness is not predicted to be a factor since the gr

cancels out. Thus, Rr should be a constant from spot to spot on the
same surface or from surface to surface of the same material. This
result, however, does not necessarily hold in practice, as shown in
Fig. 1. The figure shows a typical angle-resolved scatter measurement
from a Ag film, X = 0.6328 pm, in the plane of incidence for a 60-deg
angle of incidence. Note that the p/s ratio in the right half of these
data is predicted to be much larger (solid line divided by the dashed
line) than the measured data (circles divided by squares). Other
examples of discrepancies between theory and experiment are given
elsewhere.2

As an attempt to offer an explanation for such discrepancies, we
assume that another source of scattering may be present. In such a
case, it may be possible to have a situation where the p/s ratio
depends on the statistical nature of the surface as well as the other
parameters implicit in Eq. (2).

Scattering Caused by Dielectric Perturbations

Assume a surface is smooth but has a spatially variable dielectric
perturbation which fluctuates randomly about a constant background
value. Let the dielectric perturbation have the form

Ae(p,z) = &e(p)e z < 0 (3)

where a is a parameter related to the decay, with depth, of the dielec-
tric perturbation and Ae(p") fpT = (x,y)] is a random variable with zero
mean. The angle-resolved scattering formula has form similar to
Eq. (1) as

f
dP

where I is the effective depth of the dielectric perturbation and gj
is the average power spectral density of the dielectric perturbation
Ae(7D. Many additional details are given elsewhere.3 Again, the
polarization ratio of the scattered field is given from Eq. (4) by

R, (5)

which does not depend on the bulk dielectric perturbation statistics.
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Scattering Caused by Roughness Plus Dielectric Perturbations

Adding the scattered field amplitudes allows us to calculate the
predicted angle-resolved scattering caused by both sources of scatter-
ing acting simultaneously. The result of this calculation3 yields an
equation of the form

where gr(j is the power spectral density of the statistical cross-
correlation between the roughness and dielectric perturbations. In the
case of Eq. (6), the polarization ratio of scattered light has the form

Rrd d g r + e g d + f g r d • (

which is now dependent on the statistical properties of the roughness
and dielectric perturbation and, most importantly as it turns out, on
the statistical relationship between these two random variables.

Numerical analysis of Eqs. (6) and (7) shows that the polarization
ratio can be varied with changes in the surface roughness and bulk
dielectric statistical properties. Details of the numerical analysis
and attendant conclusions are given in Ref. 3.
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FIGURE 1. Experimental (circles and squares)
and predicted (solid and dashed curves) of
angular scattering from a Ag-coated, dense
flint sample for p- and s-polarlzed incident
and scattered light, 60-deg angle of Inci-
dence, and X - 0.6328 um. The predicted
curves are for roughness-only scattering in
the plane of incidence*
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The term luminescence is normally applied to light emission that is not

explainable by the mechanisms discussed by the other speakers in this

meeting. Specifically, it is not transition radiation, surface plasmon

radiation, or bremsstrahlung. One normally thinks of luminescence as

arising from one-electron transitions within a medium.

This talk consists of an overview of luminescence from condensed

matter under irradiation by either energetic particles or photons. I

begin with organic molecules, where luminescence is best understood, and

then discuss inorganic insulators and metals.

Finally, the dependence of yield upon projectile species and

velocity is discussed, and predictions are made concerning the relative

effectiveness of electrons, protons, and hydrogen atoms in exciting

luminescence.

Organic Molecules

Organic molecules commonly have their lowest electronic levels

arranged in the order given in Fig. 1. The first triplet, T , lies

lower in energy than the first singlet, S . There can be one or more

additional triplets below S , as in napthalene, quinoline, isoquinoline,

1 2
quinoxaline, benzaldehyde, and acetophenone.

^Research sponsored jointly by the SDIO under DNA Task Code X99QMXXD
and Work Unit Code 00003, AFWL, under Interagency Agreement DOE No.
40-1418-83 and the Office of Health and Environmental Research, U.S.
Department of Energy, under contract DE-AC05-84OR21400 with Martin
Marietta Energy Systems, Inc.
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Fig. i. Electronic energy levels, and
energy relaxation paths ir. organic molecules.
The straigh- arid wavy arrows: represent, r&diativt
o.-.d i.onraaiativc transitions, respectively.

Higher singlets excited by absorption of ultraviolet light relax to

S without emitting photons, as indicated in Fig. 1, where wavy lines

denote radiationless transitions. From S., as the figure shows,

alternate pathways to the ground state exist. Luminescence is

3
predominantly from the lowest excited singlet, S , and the lowest

triplet, T . This is because, as discussed below, radiationless

processes within the singlet and triplet manifolds down to S and T are

normally completed in much less than a radiative lifetime. However,

because of the longer energy gaps, S •» S and T -» Sn nonradiative

transitions are slower, allowing radiative processes to become

competitive.

Since they are in competition with light emission, the radiation-

free processes clearly must be understood in order to interpret

luminescence. Figure 2 illustrates two mechanisms for radiationless

transitions between electronic states. The Born-Oppenheimer separation
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of nuclear and electronic degrees of freedom is employed. Thus the

potential energy for nuclear motion is assumed to be the sum of the

electronic energy (for a given electronic state) and the internuclear

coulombic repulsion.

Fig. 2. Two mechanisms for radiationless
trar.sitions between electronic states of molecules.

The figure shows potential energies as functions of internuclear

distance R. Of course, for polyatomic molecules there are many

internuclear coordinates and the potential energies should be

represented by surfaces in a multidimensional space. In the first case

shown (Fig. 2a), the potential energy surfaces for two electronic states

cross, in some approximation, but the crossing is avoided when the

complete Hamiltonian is employed. Molecules in the higher electronic
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state (i.e., in the right-hand minimum of the figure) may make the

transition to the lower electronic state by crossing over the barrier,

if they possess sufficient vibrational energy. If the barrier height,

E D, is several kT or less, the rate is proportional to exp(-E /kT).

Once the barrier is crossed, the molecule finds itself in the lower

electronic state, with a large amount of vibrational energy in one, or a

few, degrees of freedom. This energy is shared with other vibrational

modes within about a picosecond, and then passes into the host medium.

The mechanism discussed above requires the potential surfaces to

cross in the neighborhood of the upper minimum. A more common situation

is that depicted in Fig. 2b, where the surfaces either do not cross, or

cross at energies above the thermal range. In this case, the

radiationless transition to the lower state is still possible, although

with a greatly reduced rate constant. The process may be thought of in

terms of tunneling from the upper surface to the lower one. Energy

being conserved, the energy gap AE between the minima of the two

surfaces appears as vibrational energy when the transition is completed.

The rate constant for the transition is a sensitive function of the

energy gap, going as exp(-a AE) where a is a proportionality constant.

This energy gap law is attributable to the Franck-Condon factor, which

decreases exponentially with increasing energy separation.

Experimentally, internal conversion competes favorably with

radiation or intersystem crossing when the gap between the pair of

states involved is less than about 2 eV, but the opposite is true for

gaps greater than about 3 eV (unless a suitable avoided crossing is

available for the transition). This is of course why luminescence is

normally observed from only S and T-.



100

Chemical reactions sometimes compete with luminescence from-excited

electronic states. Usually it is mainly the S and T states that are

involved. Often, these photochemical reactions proceed via avoided

6
crossings between reactant and product potential energy surfaces.

Inorganic Insulators

In this section, we consider luminescence from insulating inorganic

crystals, under bombardment by energetic charged particles. In the

primary events, electrons are promoted from the (filled) valence bands

to the (normally empty) conduction bands. These electrons then relax by

a sequence of nonradiative transitions, until they reach the bottom of

lowest conduction band. In this stage of the relaxation, only small

gaps (if any) have to be traversed. Therefore, by analogy to organic

molecule photophysics, we would in general expect a vast majority of the

excited electrons to reach the upper edge of the band gap before

radiation could take place. At the same time, the holes are rising to

the lower edge of the band gap.

The subsequent events, after the electrons and holes have reached

the band edges, are controlled by states that lie within the band gap.

To be specific, we restrict further discussion to the alkali halides,

which offer the most-studied and best-understood examples of

7 8
luminescence in pure crystals. ' The important processes are depicted

in Fig. 3. The (screened) coulombic attraction between individual

electrons and holes gives rise to discrete states, the exciton states,

some of which lie within the band gap. At liquid He temperature, in

some of the alkali halides (e.g. NaCl), the system relaxes to the lowest

exciton state and then luminesces, giving a yield of 0.X to 1 photon per
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e-h pair. However, at room temperature, the radiative yield is lower by

more than two orders of magnitude. This is understood to be due to the

thermally-activated conversion of excitons to pairs of point defects (F

and H centers).

Fie. 3, Electrori-iicli recoiri i:,at.ior,, vie
toris, ir. pure- ionic crystals.

Metals

In 1969, Mooradian reported photon emission from Cu excited with

blue light and attributed it to radiative electron-hole recombination.

This was a surprising observation. Since there is no significant band

gap anywhere above the valence bands in a metal, the arguments of the

preceding sections imply that radiation-free transitions should relax

the electronic system within a very small fraction of a radiative

lifetime. However, Mooradian1s experimental estimate of the quantum

yield, 10 , is small enough to be consistent with the picture

presented above.

In the absence of a gap, it is not obvious what states are

responsible for the emitted light. Mooradian assigned the emission to
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transitions from the conduction band, near the Fermi level, down to

holes (produced by the exciting light) in the second d band (Fig. 4).

/ i

Fig. 4. Suggested mechanism for Cu luminescence
(Kef. 9). The curve is the conduction band, ar.a the
shaded areas represent the d bands.

Quite a few studies of luminescence from metals under irradiation

by electrons and ions have been reported since Mooradian's paper.

Although mechanisms are not established, it is clear that irradiated

metals do yield emissions not attributable to transition radiation,

bremsstrahlung, surface plasmons, or adsorbate luminescence.

In interpreting luminescence it seems important to us that the

spectral distribution observed for luminescence of a metal does not

necessarily resemble the spectrum of photons initially emitted from

within the medium. This is because of absorption within the medium and

reflection at the surface. Consider a semi-infinite metallic medium in

x < 0 and a vacuum in x > 0. Let light rays originate from the plane

x = -£ and for simplicity, consider only those rays moving directly

toward the surface (i.e., parallel to the surface normal). The

intensity outside the metal in this case is related to the original

intensity by the factor
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= (1 - R) exp(-(i£) ,

where \i is the absorption coefficient, and R is the reflection

coefficient of the interface for normal incidence. (It follows from

Maxwell's equations that R has 'the same value for reflection of light

normally incident on the surface from within a medium as from without.)

More generally, if the creation of flux of light (in the normal

direction) is distributed over x < 0 according to dl/dx (x). the flux

1(0 ) leaving the surface along the normal is given by

K0+) = / £(x) f(x) dx,
—oo

for a sufficiently thick sample. In the case of irradiation by

projectiles of range greater than |J , dl/dx may be taken outside the

integral with the result that

The factor (1 - R)/|J for copper is plotted as a function of

photon energy in Fig. 5. The shape of the curve is determined mostly by

1 - R in this case, as |J is roughly constant (within ±25%) in this

photon energy range, while 1 - R varies by a factor of 30.

The highest resolution determination of the Cu luminescence

12
spectrum is that of Pop and coworkers, who used 10-1000 eV electrons.

The experimental spectrum is strikingly similar to Fig. 5 both in

general shape and in detailed features, except that it falls off above

4 eV more rapidly than Fig. 5 and continues to decrease out to 6 eV.

Thus, the form of the observed luminexcence spectrum from Cu is largely
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Fig. 5. The factor (i-k;/L by vhicl. the luminescence spectruir.

of Cu is affected by absorption and reflection.

determined by (wavelength-dependent) absorption within the medium and

reflection at the surface, especially by the latter.

Projectile Dependence

It is of interest to compare expected luminescence yields from H

bombardment with those from p and e projectiles. This is particularly

interesting for swift projectiles striking either an opaque target or a

thin film, where the velocity may be high enough that the mean free path

for ionization of H is comparable to or greater than the escape depth of

light.

One expects the amount of luminescence set off by an energetic

bombarding particle to be approximately proportional to the amount of

electronic energy deposited within an escape depth p of the surface.

Therefore, it suffices for our purpose to compare energy deposition

rates dE/dx for projectiles of interest.
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For projectile velocities much higher than those of the majority of

target electrons, the imaginary part of the dielectric response function

of the target may be approximated by a single pole at

<fiu> = I + £ - K 2,
2m

where -fiut is the energy deposited in the medium when momentum -4iK is

transferred from the projectile, and I is the mean ionization

13
potential. Then the energy deposition rate dE/dx is given, in first

order, by

V

47IN Z max

dx . v2 K | j
J min

K | j I

We point out that for p or e projectiles, the sum over all states j of

the scattering factors | F . ( K ) | is unity, whereas for H atoms this sum
J

ranges from 0 to 2 as a function of K. Further details of the

derivation and of the approximate evaluation of the sum over states will

be discussed elsewhere.

Numerical evaluations of Eq. (2) for an Al target give the results

shown in Fig. 6. Note that dE/dx is somewhat higher for H than for p

of e over the range of velocities covered, 6.3 v to 63 v . This

implies that at these velocities, H projectiles should be somewhat more

effective than p or e in generating luminescence from opaque targets

or thin films.

Since first-order perturbation theory is used, the above result

pertains only to light emitted from within a distance A. of the surface,

where A. is the mean free path for excitation or ionization of H. At the
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Fig. 6. Energy deposition rate in Al, for three different
prcjeitiit species, versus their energy-to-mass ratio.

opposite extreme, depths » K, there exist separated p+-e" pairs instead

of incident atoms. Therefore, energetic atom bombardment of thick

transparent media should produce as much luminescence as the sum of that

produced by the same flux of protons and of electrons, at the same

velocity.

Discussion

Three points deserve emphasis:

First, absorption within the medium and reflection at the surface

should be taken into account when interpreting luminescence. This has

previously been noted in the case of bremsstrahlung.14

Second, H projectiles should induce somewhat more luminescence

from opaque materials or thin films than either p + or e~ at the same

(high) velocity.
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Finally, for most solids, the mechanisms of luminescence are

unknown. There is plenty of scope for further research.
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Abstract: To shed light on the mechanisms of electronically induced sputtering of insulating
solids, we have studied the effects of swift light ion-bombardment of solid argon films. The
sputtering yield is large, and the irradiated films glow in the far ultraviolet. A model of
diffusion and decay of ion-induced excitons accounts for the existence of sputtering and 9.8eV
luminescence, and explains the film thickness dependences observed for the erosion and
luminescence yields. Small amounts of N2 and O2 impurities drastically alter the yields, and
cause the appearance of bands of luminescence at lower photon energies. We attempt to explain
these effects in terms of alternate excitonic decay paths provided by the impurities.

Introduction

A number of studies of ion-induced erosion (or sputtering) of insulating solids have been
performed. In this work, one studies ejection of atoms, molecules, clusters, etc. from a surface
irradiated by ions. We are interested in those cases for which electronic effects dominate the
sputtering process. For example, erosion of solid films of H2O, CO, SO2, N2, Ar, and Xe by
MeV He+ and H+ ions results in sputtering yields which vary with the electronic stopping
power of the incident ions, and which are far too large to be explained by "standard" collision
cascade sputtering. The central issue is how "potential energy" of electronic excitation and
ionization is converted into kinetic energy of sputtering. Solid argon is a particularly simple
and revealing system to study. It is a weakly bound Van der Waals atomic solid with well
known electronic properties (Klein and Venables, 1077).

Earlier studies of the erosion of solid argon by MeV He"*" ions showed that the sputtering
yield is strongly dependent on the film thickness (Besenbacher et al., 1981). Early in our studies
of argon films, we rediscovered the well-known fact that these films luminesce efficiently under
ion irradiation (Jortner et al., 1965). We showed that the film thickness dependences of the
sputtering and 9.8eV luminescence yields can be correlated by an exciton diffusion and decay
model (Reimann, et al. 1984). We will review these results.

Since our data provided a measurement of exciton diffusion in the films, we decided to see if
we could trap the excitons with N2 and O2 impurities. These studies revealed several strong
effects that impurities have on sputtering and luminescence. We will summarize these new
results and indicate how they fit into the exciton diffusion and decay model. We are able to
make some simple statements about energy transfer from the host (argon) excited state system
to the impurity system.

Apparatus, Experimental Procedure

A diagram of the apparatus is shown in Fig. 1. The experiments are done in an ultra high
vacuum system with a pressure of 1 — 2X1O~0 torr. Room temperature argon is directed
towards a cold substrate through an inlet tube. The substrate is a sheet of beryllium cooled to
~12K by liquid helium. All films are grown at the same rate by holding the chamber pressure
constant at 3X10"7 torr during growth. This procedure insures that the codeposition of
impurities due to the ambient chamber pressure is constant. It takes several minutes to grow a
film ~1000A thick. Kovalenko and Bagrov (1970) found that argon films grown under similar
conditions were poly crystalline with grain size of ~80A ; no attempt was made to anneal the
films to improve their quality.
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Fig. 1. Experimental apparatus for
measuring ion-induced sputtering and
luminescence from solid argon films.
Sputtering yields are measured with
Rutherford Backscattering and a
Quadrupole Mass Spectrometer;
luminescence yields are measured with
the QMS and also with a vacuum
ultraviolet monochromator.
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Fig. 2a. Sputtering yield versus Film
thickness: (o) are RBS data for 1.5 MeV
He+; ( A ) , RBS for 0.75 MeV He+

(Besenbacher et al. 1081); (•), QMS for
1.5 MeV He+; (c), QMS for 1.5 MeV H + .

Fig. 2b. Luminescence yield versus film
thickness: (•), 1.5 MeV He+; (o), 1.5
MeV H+ . The data are normalized in
their linear region. The solid curves are
from a mathematical model of the
exciton diffusion process discussed in
the text.
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Pure films are grown using ultrapure argon with a stated purity of 99.9995%. Impure ices
are created by mixing argon and an impurity in the gas phase, and admitting the mixture
towards the cold substrate. The impurity concentration in the films is the same as that in the
original gas phase mixture. This is seen by monitoring the argon and impurity signals with a
Quadrupole Mass Spectrometer (QMS) as the mixture is admitted into the system. No change
in the ratio of impurity to argon signals is observed as the substrate is cooled to temperatures at
which condensation takes place.

The issue of impurity related mechanical alterations to the argon lattice could be important,
but is not well understood. At temperatures near the melting point, N2 (and probably O2 as
well) can induce a phase change from the face-centered cubic to the hexagonal close-packed
structure. However, this does not happen at 12K (Barrett and Meyer, 1965). Unfortunately,
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little is written about the kxial arrangement of argon atoms around an impurity, or even about
how many host argon lattice sites are taken up by an impurity. Krypton and xenon form
"substitutional" solutions with argon at low impurity concentrations (Belov et al., 1976); we will
assume the same for N2 and O2 impurities.

Sputtering yields (atoms sputtered per incident ion) are measured absolutely by the
Rutherford Backscattering (RBS) technique. Incident 1.5MeV He+ ions scatter backwards from
a 50A gold layer on the beryllium substrate and are energy-analyzed by a solid state detector.
The ions lose energy in traversing the argon Him in accordance with their stopping power.
Therefore, the resulting energy spectrum can be used to determine the thickness of the films.
The change in thickness during ion bombardment is a measure of the absolute sputtering yield.

The QMS detects sputtered neutral atoms directly. Atoms arriving at the QMS are ionized
by electron impact, mass analyzed in a quadrupole, and are detected with a channeltron
electron multiplier. The resulting signal is a relative measure of the amount of sputtering.

Luminescence is measured in two ways. Due to a mistake in alignment, the channeltron in
the QM'i was able to see light from the ion-bombarded film, giving rise to a luminescence signal
independent of the mass setting. Later, we acquired a vacuum-ultraviolet monochromator
which revealed that the complete luminescence spectrum is complicated. Nonetheless, the QMS
was mainly sensitive to the 9.8eV luminescence, rather than to some of the lower energy
luminescence bands. Early QMS luminescence data for which we assumed sensitivity only to
9.8eV photons were verified by monochromator measurements. No attempt in this work is
made to correct the luminescence spectra for monochromator response.

Relationship Between Exeltons, Sputtering and Luminescence

Fig. 2 shows th- strong film thickness dependences observed for the sputtering and
lunrnescence yields. As the film thickness increases, the sputtering yield rises and then
saturates. The luminescence yield behaves in a different way: its tlopt rises and then saturates.
The sputtering yield is large, ~42 for 1.5MeV He* ions incident on thick argon films.

To account for this data, we refer to the extensive literature about excitons in Rare Gas
Solids (RGS) (Schwentner et al.). Fig. 3 shows how pairs of argon atoms interact in the solid.
At equilibrium separation, ground state atoms are in a shallow Van der Waals potential well,
and excited atoms form an approximately hydrogenic series of excitonic levels converging to the

band gap. Only the n=l exciton Ar and the
"ionic" exciton Ar+ (corresponding to the band
gap at equilibrium lattice spacing) are shown.
The potential energy diagram shows that an
excited or ionized atom and a ground state
atom can form bound dimers. The excitonic
levels are known from absorption spectra of
solid argon (Schwentner et al.). Well depths
and minima positions, as well as entire potential
energy curves, are known from a variety of "ab
initio" calculations (Spiegelmann and Malrieu,
1978; Gilbert and Wahl, 1971), which are in
agreement with results of gas phase scattering
experiments discussed in those references.
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Fig. 3. Simplified
internuclear potentials
levels in solid argon.
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In an undisturbed argon lattice, the only states that can be populated are the excitons.
However, luminescence from those levels is faint. Instead, intense 9.8eV luminescence eminates
from the films. The photon is Stokes shifted below any of the exciton levels. The 9.8eV
luminescence is due to the radiative decay of a vibrationally relaxed ArJ excimer (Jortner et al.
1065).

Nearly all excitations and ionizations yield a 9.8eV photon. For example, 10-30keV electrons
incident upon solid argon result in 30-50% of the electron energy lost in the ice being converted
into 9.8eV luminescence (Huber et al. 1974). About 80% of all incident electron-induced
excitations of any type are ionization events (Dolce et al. 1976). Assuming the energy to make
an ion-electron pair is W=23.6eV (Miyajima et al., 1974), we would expect ~50% of the
electron energy to be converted into 9.8eV luminescence if the quantum efficiency of Ar£
formation from any state is one. This points to the extremely efficient nonradiative decay
which occurrs from any initial state to the bottom of the Ar2 well. This is due to the rich
overlap of repulsive and attractive potential curves associated with the exciton levels. By
contrast, ArJ can only decay radiatively, as this well has no curve crossings with the ground
state potential.

To account for sputtering, consider the radiative decay of an Ar2 excimer. This dimer is
relaxed relative to the normal lattice. Upon radiative decay, two ground state atoms find
themselves on a highly repulsive part of the Van der Waals potential. They therefore fly apart
with ~.8eV of kinetic energy apiece. This exploding dimer would sputter one or two atoms if
the decay occurred within about three monolayers of the outer surface (Garrison and Johnson,
1984).

There is evidence that excitons diffuse before they self-trap to form Ar2 excimers. For
example, as incident monochromatized synchrotron radiation is scanned over the exciton energy
levels, electrons are ejected from impurities in the solid argon (Ophir et al. 1975a). Exciton
diffusion needs to be invoked to explain the details. Typical diffusion lengths are 50 to 100A .

Interfaces can play a role in the fate of an exciton. In extrinsic photoemission experiments,
excitons arriving at a metal substrate are nonradiatively quenched as an electron is ejected from
the metal (Ophir et al. 1975b). This deactivation does not involve lattice relaxation;
consequently these excitons are lost to the sputtering process as well as the luminescence
process.

Diffusion and n on radiative quenching at the metal substrate explain the thickness
dependences of the sputtering and luminescence yields. For thick films, the number of decaying
excimers near the outer surface is independent of the substrate, and since sputtering only occurs
from these decays, the sputtering yield saturates. Since 9.8eV photons connot be absorbed in
the lattice, they escape from all depths. Therefore, for thick films, the change in light per unit
change in film thickness is constant, leading to a linear dependence of the luminescence on film
thickness. For thin films, exciton diffusion to and quenching at the substrate compete with
excimer formation and subsequent radiative decay. Therefore the sputtering yield declines, and
so does the amount of added luminescence per unit added film thickness.

When the diffusion process is modeled mathematically and a quenching substrate boundary
condition taken into account, the thickness dependences in Fig. 2 are well accounted for, as
shown by the solid lines. Essentially the same exciton diffusion length results from fits to the
sputtering and luminescence thickness dependences. The resulting diffusion length is large,
~200A . The saturation thickness of the sputtering yield and the thickness intercept of the
luminescence yield are both proportional to the diffusion length.

The largeness of the diffusion length may be because the diffusing species is the ionic exciton
Ar+ rather than the n = l exciton Ar . There is some evidence that diffusion length rises with
exciton energy (Schwentner et al. 1981). In any case, incoming ions mostly cause ionization
events rather than excitation events (Doke et al. 1976). Ionic excitons can diffuse by resonant
charge exchange, and we postulate that they would be quenched nonradiatively at the metallic
substrate. The arrows in Fig. 3 show the pathway of decay of an ionic exciton. Ar+ diffuses for
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~ 1 0 ~ " sec, during which time it moves ~200A . Next it self-traps, forming ArJ. Upon
recombination with an electron, the argon atoms separate along a repulsive potential connecting
to the separated state Ar + Ar . ~.5eV of kinetic energy apiece is released, which can
contribute to sputtering. Also, an excited argon atom could be ejected from the film. We
presume that since the Ar created is physically moving, resonance with neighbors is destroyed
and the Ar* self-traps immediately, forming Ar£. The remainder of the decay happens as
discussed earlier. Fig. 4 shows the steps in the life of an ionic exciton Ar+ . This scheme and its
modeling are discussed elsewhere (Reimann et a!. 1984).

Fig. 4. Steps in the lifetime of a free ionic exciton. a) diffusion; b) self-trapping; c) electron
recombination and repulsive decay; d) immediate self-trapping of moving neutral exciton; e)
radiative and repulsive decay of excimer.

What we have shown is that sputtering and luminescence of ion-bombarded soli:' argon are
nonradiative and radiative aspects respectively of the decay of ion-induced excitons to the
ground state. Coletti et al. (1984) have also recently demonstrated this by bombarding films of
argon with 0 to 50eV electrons; both luminescence and sputtering exhibit a turn-on threshold at
the $ame electron energy. Claussen (1682) invoked diffusion of the species Ar£ to account for
the sputtering thickness dependence. Evidently Ar2 can relax vibrationally by undergoing a
series of collisions in which the Ar2 moves about four lattice spacings in ~ 10~usec (Martin,
1971). This does not actually account for the large saturation thicknesses observed.

Impurity Effects and Alternate Exciton Decay Paths

Having observed that the thickness dependences of the sputtering and luminescence yields
are related to an exciton diffusion length, we decided to find out whether impurities can trap
this excitation, making the effective diffusion length smaller. We found that sputtering and
luminescence are extremely sensitive to the presence of O2 and N2 impurities. The data are
summarized in Figs. 5 and 6. Fig. 5 shows that the sputtering yield and the intrinsic 9.8eV
luminescence yield decrease quite drastically when impurities are added to the ice. Fig. 6 shows
that the saturation thickness of the sputtering yield (and thus the diffusion length) decreases as
O2 is added. Added N2 has a similar but smaller effect. Apparently impurities do trap the
mobile excitation.

Fig. 7 shows a scheme for explaining impurity effects. The normal exciton decay chain is
affected at the junctions of Ar+ and ArJ. The ionic exciton lives only 10~" sec, but it diffuses
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Fig. 5. Effects of N2 and O2 impurities on the sputtering and 9.8ev luminescence yields.

Fig. 6. Sputtering thickness dependence
as a function of O2 impurity content.
N2 impurity has a similar but smaller
effect.
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Fig. 7. Schematic explaining effects of
impurities on exciton decay. Normal
exciton decay chain shown in solid lines;
alternate impurity pathways, such as
free exciton trapping and energy
transfer from excimers, are shown in
dotted lines.

~200A and is therefore highly likely to encounter impurities. kt\ on the other hand is located
at a relaxed lattice site for 1(TB to NT 9 sec (Schwentner et al.). During this time the excimer is
immobile, but since it lives such a long time, long range dipole-dipole coupling to impurities
could occurr.

The new impurity related decay pathways compete with the normal ones. The effect of free
exciton trapping at impurity sites is modeled by a trapping rate constant k+. The rate of
normal self-trapping is l /r+ where r+ is the lifetime of the ionic exciton in pure argon. The
rate of trapping at impurity sites is k+c where c is the impurity concentration. The effective
free exciton lifetime is
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T "
*+ -; since t — y/Dr, we get

1 + k+r+c

t _
k+r+c

UN—L
where /(O) is the diffusion length for pure films. This expression for (///(0))2 is essentially the
fraction of Ar+ that do not trap at impurity sites.

To understand the effect of impurities on the excimer, we make the following crude model.
The probability of long range energy transfer depends on the distance between donor (Ar2) and
acceptor (O2 or N2). We assume that there is a critical separation Rcr within which the
probability is unity that energy transfer will take place instead of the usual radiative decay;
outside of this distance the probability is null and the usual radiative decay takes place. Thus,
for a given concentration c and Rcr, a certain fraction of Ar2 excimers will have at least one
impurity molecule within Rcr and will therefore be nonradiatively quenched by energy transfer.
Taking into account left over 9.8eV luminescence after both loss of free Ar+ excitons by
trapping at impurity sites and quenching of Ar2 excimers by energy transfer to impurities,

Rcr

"WO)

a

(2)

where a is the nearest neighbor separation in the argon lattice and F(c,Rcr) is the fraction of
Ar<[ that do not have an impurity within Rcr- The expression for F comes from the fact that a
sphere of radius Rcr has n~4*(Rer/&)s/3 lattice sites in it, and the chance that none of them is
occupied by an impurity is F—(1 — c)n.

The derived formulas (1) and (2) predict that if impurities affect the exciton decay sequence
in two places, Yum should decrease faster than Is. Fig. 8 shows that this is true for both N2
and Os impurities. The intervention of impurities at two different stages of the exciton decay
sequence is required for this behavior.

Results of fits of formulas (1) and (2) to the luminescence yield and the square of the
diffusion length are shown in Fig. 8. According to the data, N2 must be ~ 11A or closer to Ar2
in order for energy transfer to take place, whereas O2 can be as far away as ~21A for the same
event to occurr. For xenon impurity in krypton films, transfer distances of 25A were observed
(Cheshnovsky et al. 1973). Rate constants for exciton trapping deduced from the fits are
~7X 10~I0cm8/sec for O2 and ~3X 10~I0cm'/sec for N2.

As N2 and O2 are added to the argon ice, the luminescence spectrum is altered. In
particular, two luminescence bands at 6.2eV and 7.6eV, as well as the intrinsic 9.8eV band, are
strongly modified by impurities. We show typical spectra in Fig. 9. The 6.2eV band is sensitive
to O2; the 7.6eV band is sensitive to N2. A substantial amount of 6.2eV luminescence is present
even when no O2 is deliberately added. This signal may however be due to impurities
codeposited from the ambient vacuum as the films are grown. In the time it takes to grow &
typical argon film, enough impurity from the vacuum system can be codeposited in the film to
be present at the .01 to .1% level, and this amount has a large effect on the 6.2eV luminescence.
Due to the fact that the background pressure fluctuates from day to day, no attempt was made
to correct the impurity scale.

Other groups have observed these spectral features and & variety of explanations have been
offered for them. Fugpl' et al. (1975) observed spectral features at 6.2, 7.6, 9.8 and 11.3eV; the
U.3eV band was attributed to the first quasimolecular continuum, corresponding to the
radiative decay of a vibrationally unrelaxed Ar2 excimer. The 9.8eV band is due to the
radiative decay of a vibrationally relaxed Ar2 excimer. The 6.2eV band was attributed to some
sort of intrinsic luminescence from the solid argon, and the authors point out that an analagous
continuum occurrs in the gas phase.
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Hanus et al. (1984) point out that the 6.2eV band could be due to radiation from the low
internuclear separation turning point of the unrelaxed Ar*>, the other turning point of which
yields the 11.3eV band. This explanation of the 6.2eV light is hard to reconcile with the
dependences of the bands on impurity concentration, as measured in the present work and by
others (Huber et al., 1974; Poltoratskii et al., 1978). Furthermore, the 11.3eV band has been
shown to come from luminescence centers at the outer surface (Roick et al. 1984). By contrast,
the 6.2eV luminescence exhibits a bulk-like thickness dependence similar to that of the 9.8eV
luminescence.

The dependences of the luminescence bands on the incident ion dose are also revealing. If
the 6.2eV and 9.8eV bands arise from radiative decay of Ar$ in various stages of vibrational
relaxation, one would expect similar dependences of these luminescence yields on incident ion
dose. In view of the very short times it takes for radiative decay to occur, 10~9sec to 10~'sec,
the signals should appear immediately as the ion beam is applied to a virgin film. Fig. 10 shows
that the 6.2eV luminescence does not turn on promptly. The 7.6eV luminescence has a prompt
component but also one which rises in time to later saturation. By contrast, the 9.8eV
luminescence is completely prompt.

Based on these observations, it is clear that neither the 6.2eV nor the 7.6eV luminescence is
intrinsic to the argon films. These luminescence bands may be due respectively to the excimers
ArO and the ArN (Poltoratskii et al. 1978). This would explain qualitatively the dependence
of the yields on impurities and would explain the slow components of the fluence dependences >a
terms of a two step process in which O2 and N2 must be broken up before they can contribute
to the process of producing new light.

Conclusions

We have shown how exciton decay can give rise to sputtering in addition to the well-known
9.8eV luminescence. Diffusion to a quenching metal substrate accounts for the thickness
dependences of the sputtering and luminescence yields. These dependences can then be used to
monitor trapping of free excitons by impurities such as N 2 and O2. Further insight is gained by
noting that the 9.8eV luminescence yield is strongly quenched by impurities. To explain the
results, the normal exciton decay path must be affected by impurities in two ways: by free
exciton trapping and by long range energy transfer from excimers. As trapping and energy
transfer occur, new luminescence bands appear. These bands are not intrinsic to the argon
lattice, and they are probably due to excimers involving argon atoms and impurity atoms.

Further work needs to be done to understand a number of issues. How are free excitons
trapped at impurities? Why is the excimer transfer distance to O2 so large? Why is O2

generally a more potent impurity than N2? What specific mechanisms create ArO* and ArN*, if
these are even the correct radiating species? Is it really true that every excitation and ionization
yields a 9.8eV photon? If not, how does the extra nonradiative energy loss manifest itself? It is
hoped that future work will provide answers to these questions.
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ABSTRACT. Heavy particle, electron, and uv photon bombardment of solid
surfaces recently has been observed to result in the emission of infrared, visible, and
ultraviolet radiation. This effect occurs over a wide range of incident projectile
energies. Line radiation arising from transitions between discrete atomic or
molecular levels may be attributed to the decay of excited particles which have been
sputtered or electronically/chemically desorbed from the surface. Broadband
continuum radiation which is also observed, is believed to arise either from
fluorescence of the near surface bulk or from the radiative decay of desorbed excited
clusters. The spectral characteristics of the optical radiation as well as the
efficiencies for producing it may vary substantially with the identity, form,
orientation and cleanliness of the surface, and on the identity and energy of the
bombarding particle. The dynamics of energetic particle and photon beam
interactions with surfaces which lead to desorption and the emission of optical
radiation will be treated.

INTRODUCTION

Over a wide range of bombarding energies, particle and photon interactions
with surfaces have shown to result in the efficient desorption of surface atoms and
molecules. Many of these are desorbed in excited states which subsequently emit
characteristic infrared, visible and ultraviolet radiation. We will review recent work
on this topic and discuss future studies of ion-, electron-, and photon-induced
erosion and glow phenomena.
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PHOTON EMISSION FROM ION AND NEUTRAL PARTICLE IMPACT ON
SURFACES

In the experimental observations to be treated below, three distinct kinds of
collision-induced optical radiation have been identified.

The first of these in line radiation due to sputtering with simultaneous
excitation. The interaction of the impinging ion or neutral beam with the surface
results in the sputtering of neutral atoms, neutral molecules, and ions from the
surface. A significant portion of the sputtered particles leave the surface in excited
electronic states which then decay and give rise to optical line radiation characteristic
of surface constituents [Tolk et al., 1977].

The second kind of radiation observed has a similar nature but arises from
backscattered excited beam particles which have escaped the surrace after having
experienced collisions in the bulk material [Leung et al., 1978]. To the extent that
the momentum-changing collisions do not effect the final excited state configuration
of the emerging particles, this class of phenomena is identical to the beam foil
radiation phenomena. Studies of backscatter radiation provide more complete
information on final states than conventional charge state measurements and give
important insights into the nature of the interaction of the emerging particle with the
surface.

The final and perhaps least understood type of radiation is the broad continuum
of radiation that is observed from many of the solid materials studied. In the case of
metals, for a given beam projectile, at a given energy, the shape of the continuum is
observed not to change for a variety of metal surfaces [White et al., 1976]. For
insulators, the shape of the continuum as a function of wavelength is entirely
characteristic of the material and independent of the beam particle species. An
important conclusion from these studies is that the collision participants, both the
solid itself as well as the escaping atomic and molecular fragments, in general are in
excited states following the collision interaction. The collision participants may then
produce the observed photons by radiative decay or may undergo radiationless
de-excitation processes such as Auger de-excitation.

Metallic Targets

The spectra of radiation observed when Ar+ ions at 4000 eV impact on Ni and
Cu targets are shown in Figure 1. Most of the prominent lines in these spectral
scans have been identified as arising from low-lying energy levels of neutral Ni and
Cu, sputtered off the surface in excited states by the incident ion beam. In addition
to spectral lines from the surface target materials, radiation is also often observed
which is characteristic of surface contaminants [Tolk et al., 1973]. The molecular
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radiation centered at 4300 A and 3900A has been identified as arising from the
A2A->X2II and B 2 I - X2II electronic transitions of the CH molecule. This
radiation is believed to originate from collisional excitation of adsorbed hydrocarbon
surface contamination. The prominent line which is often observed at approximately
5900 A is the NaD line doublet which is assumed to arise from sodium contaminants
deposited on the surface. The surface can be cleaned to such an extent that the
contaminant radiation is negligible by prolonged exposure (approximately 20
minutes) to a 3-keV argon ion beam or by heating the target.

Our measurements show that for metallic targets, beams of neutrals and ions
(of the same species) produce photons due to sputtering with equal efficiency. Low
velocity ions with sufficiently large ionization potential impacting on a metal surface
are neutralized by non-radiative processes several angstroms in front of the surface,
well before the sputtering interaction occurs. It is reasonable then to assume that the
radiation which results from the sputtering interaction should be the same for beams
of ions or neutrals at the same velocity. This assumption has been verified
experimentally using a bolometer to independently measure the neutral "current".
These results consequently suggest a means of directly measuring neutral beam flux
in the low energy region. It follows from the above discussion that the ratio of the
intensity of the optical line radiation produced when a metallic target is bombarded
with neutrals to that produced when the same target is bombarded with ions equal to
the ratio of the neutral to ion fluxes thus leading to a direct measurement of the
neutral "current". In principle, this technique could also be extended to non-metallic
surfaces using a more complicated calibration scheme.

Insulator Targets

The spectral distribution of radiation arising from excited sputtered particles
due to the impact of nitrogen molecules (N2 ) at a beam energy of 3.5 keV on
aluminum oxide (AI2O3), lithium fluoride (LiF), and quartz (SiC>2) are shown in
Figure 2. Optical scans taken using neutral beams of neon, argon and other heavy
particles give similar results. Neutral beams rather than ion beams are used for the
bombardment of insulators in order to avoid ion beam energy decrease and
defocusing due to charge build-up on the insulator surface. Ion beams may also be
used, however, if the insulator surface is bathed in electrons emitted from a nearby
heated filament. In Figure 2, the more intense lines are identified as arising from the
decay of excited states of neutral aluminum, lithium, silicon, and hydrogen.
Because the line widths are found in these experiments to be equal to the
instrumental resolution (about 1 angstrom), we may assume that the radiation
originates from individual atoms and molecules which have been sputtered off the
surface in excited states which subsequently decay by photon emission. The Balmer
lines of neutral hydrogen are believed to arise from the sputtering of surface
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contaminants.
For all cases studied — metals, semiconductors and insulators — optical

radiation has been observed due to sputtering with simultaneous excitation.
However, in the insulator case, the excitation efficiency is observed to be much
larger than for metals. For the case of metals, topical prominent lines are estimated
to have excitation efficiencies of the order of 10"-* (photons per incident ion) while in
the insulator case, the excitation efficiencies are measured to be two or three orders
of magnitude higher [Tolk et al., 1977J.

OPTICAL RADIATION FROM ELECTRONICALLY DESORBED PARTICLES

For the case of heavy-particle induced sputtering as discussed above,
understanding the influence of surface parameters on the final state of sputtered
particles is complicated by the fact that the ejection of atoms and molecules results
from both electronic and momentum changing processes. Electron- and uv
photon-stimulated desorption of atoms and molecules, on the other hand, involves
only electronic interactions.

Even though it is known that the most abundant products of electronically
induced desorption are neutral atoms and molecules, most studies have involved
desorbed ions. This is due primarily to the ease of detection of ions. In only a few
cases have neutrals desorbed by electron and photon impact been directly studied.

It is useful to describe the mechanisms of electron and photon induced
desorption as a three-stage process: (1) the initial deposition of electron energy by,
for example, the creation of a hole, two holes, an exciton or a defect, (2) a fast
electronic rearrangement leaving a surface atom or group of atoms in a localized
repulsive or energetic state, and (3) further particle-surface electronic interaction as
the atom, or molecule, or cluster leaves the surface. Although not treated here,
recent observations of strong elliptic polarization of optical radiation following
grazing incidence of 9 keV protons on crystal surfaces contribute unique information
on stage (3) electronic processes [Tully et al., 1981]. Studies of these phenomena
promise to provide new insight into the electronic aspects of atomic collisions in
solids [Tolk et al., 1981]. In this paper we discuss recent measurements of
electronically desorbed neutrals obtained by observing optical radiation which arises
from neutrals desorbed in excited states.

Electron Stimulated Desorption (ESDI of Excited Particles

Although it is now generally accepted that the most abundant products of
desorption from surfaces induced by electronic transitions, stimulated by energetic
electrons or UV/soft-X-ray photons, are neutral atoms and molecules, only a very
few results have been published about neutral desorption. These experiments
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confirm the leading role of neutrals in the desorption process.
Our approach to the detection of desorbed neutrals is based on analysis of the

optical radiation emitted by decays after desorption [Tolk et al., 1981]. The
experimental equipment included a ultrahigh vacuum chamber, a primary excitation
source and an optical detection/analysis system with a monochromator and
computer-controlled data processing. Initially, the excitation source was an electron
beam. Figure 3 shows spectra of atomic and molecular radiation emitted by
desorbed atoms and molecules from NaCl, NaF, and LiF surfaces, principally from
excited alkalis, hydrogen, OH, and an unidentified molecular species.

In marked contrast to ion bombardment and gas discharges, the only sodium
and lithium radiation detected in these experiments are first resonance lines. This
indicates that for alkali halides there exists a strong non-statistical state selection
mechanism of an as yet undetermined nature. Energy-dependent measurements
show onsets correlated to core hole formation relating to the initial energy deposition
process. Electron-stimulated erosion of alkali halides is usually attributed to the
creation of defects which results in the ejection of halogen atoms and leaves excess
alkali atoms to desorb thermally from the surface. This does not appear to be
adequate to explain the emission of excited neutrals. It is likely that this latter
process involves the creation of a long-lived localized surface excitation, perhaps an
exciton, which results in ejection of a surface atom and in addition supplies the
excited electron.

Photon Stimulated Desorption CPSD) of Excited Particles

Desorption of excited particles was recently observed when uv photons from
the University of Wisconsin synchrotron storage ring, with energies of 40-200eV
were incident on alkali-halide surfaces [Tolk et al., 1982]. As shown in Figure 4a
photon energy dependent measurements were taken of optical radiation arising from
the decay of desorbed excited Li atoms. These data are compared with PSD
measurements of positive ions from the same LiF sample (Fig. 4b). Both
measurements showed pronounced energy dependent structure similar (though not
identical) to soft X-ray absorption-coefficient measurements presented in Figure 4c.
It should be noted that the yield of excited neutrals was measured to be at least three
orders of magnitude greater than the corresponding yield of desorbed ions. Similar
to the ESD case, only the first resonance level is observed. In light of these
observations, a plausible three step desorption scheme for excited neutrals may be
hypothesized [Tolk et al., 1983] and [Tolk et al., 1984]: (a) The incoming photon
creates a core or valence excitation near the surface which provides electronic energy
to the system, (b) One or a series of secondary electronic processes occur, resulting
in a localized valence excitonic state, which leaves the surface alkali atom in a highly
energetic or repulsive state, (c) As the alkali atom departs, the lowest excited state
is preferentially populated because it is both at lower energy and more localized than
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the higher excited stales.

LABORATORY SURFACE DYNAMICS STUDIES

At Vanderbilt University, we have initiated studies of the dynamics of particle
and photon beam interactions which lead to desorption and subsequent optical
radiation, emphasizing materials and surface conditions relevant to spacecraft
surfaces in the near-earth environment as well as optical damage and other erosion
processes. This research uses facilities available at Vanderbilt and at the University
of Wisconsin Synchrotron Storage Ring for studying the interactions of directed
beams of ions, neutrals, electrons and uv photons with well-characterized surfaces
under carefully controlled vacuum conditions.

Work is progressing toward the development of a high-flux beam of energetic
neutral oxygen and nitrogen atoms using an existing ion source at Vanderbilt to
compare ion bombardment with corresponding neutral bombardment on relevant
surfaces. Desorption experiments are also in progress on metallic surfaces with
controlled doses of relevant adsorbates (e.g., N2 and O2), to ascertain changes in
surface electronic and bonding properties induced by contaminants. Finally,
experiments on possible synergistic effects — as in simultaneous ion-electron and
ion-photon bombardment ~ are now feasible and will be carried out in the near
future

CONCLUSIONS

As discussed above, when particles impact on surfaces, many complex
interrelated processes occur as the incident energy is transformed into electronic and
sometimes thermal excitations. Previous studies of electronically-induced
desorption have shown much of the incident energy may be channeled into
bond-breaking and desorption processes leading to ejection of surface atoms and
molecules from metal oxides and insulators. Thus, electronic, chemical and thermal
processes stimulated by energetic beams can play a major role in surface
modification and damage, through erosion, changes in tribological properties, and
migration of electronically-induced defects. The primary effort is to understand the
fundamental mechanisms underlying these processes. These studies will generate an
increasingly detailed microscopic view of the dominant modes through which
incident energy is absorbed, localized and redirected to desorption. This, in turn,
leads to a comprehensive macroscopic picture of material ejection, erosion and
ablation from surfaces and of the associated optical emissions.
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FIGURE LEGENDS

Fig. 1. Spectra of radiation produced by the impact of Ar+ (at 4 keV) on copper
(top) and nickel (bottom). Lines arising from excited states of sputtered copper,
nickel and various contaminants are observed in this wavelength interval.

Fig. 2. Spectrum of radiation produced by the impact of N2°(3.5 kiloelectron volts)
on Al, LiF, and SiC^. Lines arising from excited states of neutral aluminum,
lithium, and silicon are observed in this wavelength interval. The wavelength and
electronic transition are indicated beside each line. Two B aimer lines of neutral

hydrogen, H a and Ho, are observed on the SiC>2 scan.

Fig. 3. Spectra of radiation produced by 1-keV e" impact on NaCl, NaF, and LiF,
obtained at approximately 90 degrees to the surface normal. The inset shows the
linear behavior of the intensity of the NaD lines as a function of incident e" current.
A straight line has been drawn through the data points.

Fig. 4. (a) Li* (670.7nm) optical emission dependence on soft x-ray energy using
a (100) single-crystal LiF sample at room temperature, (b) Positive-ion yields as a
function of incident photon energy using the same sample at about 250C. (c)
Photon absorption coefficient measurements.
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In this paper we are interested in the phenomenon of excitation

of an atom rapidly moving near a surface as observed by spontaneous

emission of a photon from the excited species. This is important,

for example, in the case of outwardly moving sputtered atoms when a

SIMS-like analysis is carried out via spectroscopy of the excited

sputtered atoms rather than mass spectrometry of the sputtered ions [l]

Another application is in the study of excited species generated by

ESD or PSD [2]. This type of phenomenon seems to lie at the

origin of spaceglow. Also, chemiluminescence has been observed in

thermal halogen species adsorbing on alkali surfaces [3]. It is

believed that the halogen molecules are ionized by an initial elec-

tron transfer at large distance i,' harpooning'), then accelerated to

the surface by the image attraction [3] . This enables generation

of an excited species.

A very clean way to observe the excitation phenomenon is in

scattering of an ion beam from the surface, preferably at grazing

incidence (or low energies) to minimise surface damage. In this

experiment the unknown surface configurations of sputtering or the
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unknown potential energy surfaces of ESD are avoided by working

with a clean, monocrystalline surface at beam energies high

enough to make the interaction energy with the surface negligible.

We consider a reasonably canonical experiment [k] , the generation

of excited n = 3 hydrogen states in grazing incidence proton-

surface scattering. The protons have an energy of 10 keV and

thus a velocity approaching that of electrons in a metal. However

the grazing angle (̂ 3 - 5°) ensures that the normal component

of velocity is relatively low, enabling electrons to travel back

and forth many times between the surface and the proton during a

collision time. Accordingly, the Born approximation [5] is not

applicable to this experimental situation, requiring us to use a

more sophisticated theory. A version of this was recently

published (see Ref. 8).

The experimental configuration is sketched in Figure 1.

SLIT
IMAGE

ION BEAM (H+ )
W ^ ^ ^ ^ ^ ^ ^ ^^MMC ^HMM ^M^fe «H^^^ S^BH^

1 1

Ni CRYSTAL
TARGET

Figure 1 - Schematic illustration of experimental setup
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Protons impinge at ^ 10 keV , 3 - 5 ° incidence measured from the

surface plane, on a Ni crystal. The measurement which

especially interests us is the polarization of light spontaneously

emitted in the n = 3 -*• n = 2 transition from H atoms neutralised

into the n = 3 state, in the direction normal to the scattering

plane. This polarization contains information about the internal

state of the highly degenerate (eighteen-fold, including spin)

n = 3 subspace. This information is augmented by applying an

electric field to a capacitor through which the neutralised H beam

passes prior to photon emission, generating Stark splittings which

modulate the polarization.

Potentially this class of experiment leads then to detailed

information about the post-collision state of the hydrogen. It

should give us information capable of applying a stringent test to

the theory of charge transfer collisions at surfaces. We extend

to a degenerate atomic shell the rather standard theory of ion-

surface electron transfer [6,7] ; part of this work is already

published [8]. We write down an Anderson-like electronic Hamil-

tonian for an atom at distance z from the surface

He * K \ + £e0(z)nL + ? Vk,L(z)IckVCLCkJ ' ( 1 )

In (l), the metal band states are denoted by |k> = |K,k> with K

the component parallel to the surface*, with corresponding fermion

creation operator c, j a = cirCv • We assume the metal can be

described by a jellium model, since the 3d-states all lie below the

energy region of importance and have little tendency to tail into

the vacuum, while the remaining (sp-) states are nearly free-electron

like. Hence in the first term of (l) the band energies e are

2 2 "

taken as (K +k )/2m , where m is electron mass. The second term

in (1) is the atom Hamiltonian, expressed in terms of states JL>

belonging to the n = 3 manifold. L can be taken as U,m) or

as the Stark basis. The |L> are represented as Fermion creation

It is a standard notation to denote the parallel component by
capital letters.
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operators c , with IL = c c , We have neglected the splitting

of the degeneracy of the n = 3 manifold. This is because of a

fortuitous cancellation of the Stark splittings due to the image

of the electron and of the proton, the remaining higher-order

corrections "being estimated as negligible. However the energy

e (z) of the n = 3 states is z-dependent. The third term in

(l) is the atom-surface hybridization, with matrix element V. T(z) ,

which falls off rapidly with increasing z in an approximately

exponential manner.

Wow, because of its high energy the proton may be taken as

classical. Also, its energy allows one to assume the trajectory is

to good approximation independent of its electronic state (e.g. ion

or neutral). Ideally, the photon detector should have a high

spatial resolution so as to select a definite outgoing normal velo-

city, in which case one may say that the position R of the proton

is a precise function R(t) of time. In fact the detector

spatial resolution is not very high, but luckily our results show

very weak dependence on normal velocity provided it lies in a cer-

tain range. Furthermore, our results show that the important

distances z are rather far from the surface, enabling a constant

outgoing velocity v to be assumed. We therefore take R(t) =

(Vt,vt) . The parallel velocity is taken into account in the manner

of our treatment of the H -> H branching ratio [7] on cesiated

surfaces, by a Doppler shift of the Fermi surface by Q = mV (m =

electron mass). This is for a jellium model.

The Stokes parameters of the emitted light measured are

a n d Xlhc d e n o t e t h e

intensities of right- and left-hand polarization w.r.t. the axis of

the light propagation vector (normal to scattering plane), and the

other symbols refer to intensity of linear polarization at various

angles; 0 is along the surface normal and 90° along the surface,

in the scattering plane. S/I measures the amount of angular
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momentum normal to the scattering plane imparted to the picked up

electron. M/I and C/l measure deviations from spherical

symmetry of the picked up electron distribution Nonzero M/I

could arise just from static asymmetry while nonzero C/l implies

an asymmetry between the 'forward' and 'rear' sides of the proton,

which is lacking in a static image, model.

The intensity I-parameters may be easily calculated from the

density matrix of the atom's n = 3 subspace,

P L I / = <0°l
(2)

s <-oo| c (oo)c> (oo) |-cx»

In (2) |-<*» and |«» are respectively the initial and final wave-

functions of the system, while the first line of (2) is in the

SchrSdinger picture, the second in the Heisenberg picture. Following

[6,7] we set up the equations of motion of the Heisenberg c (t) 's:

i c. = £o(t)cL + IVLk(t)ck (3)

• V
1 ck ekck £vl

The solution of (k) is

r* ie.(t*-t)

- - I J v^'W* e " dt'
° e 5 . (5)

In (5) t is a time before the proton came into interaction with

the surface, and c means c
k(

t
0) • Inserting (5) into (3) gives

the integro-differential equation

dc
i ^ = e(t)cL(t) - iu(t)J / KLL.(t-t')u(t') x

L L

L

(6)

Note that the density matrix becomes the appropriate description
because we have averaged over the metal states, only the atom
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where we have made the Ansatz

and
K(T) = TT"1 / rLL,(co)e

iwTdW (8)
L L

where

and
-ie. (t-t.)

*L ( t ) = ^ Ck VLk ( t ) e ~ *

rTT^(oj) is a lifetime broadening matrix for the states in the

n = 3 manifold.

The conventional approximation [6,7] is to assume that, if the

conduction band width is much larger "than r , we can neglect the

energy dependence of r(u)) , when

K(T) * 2r L L. <S(T) , (11)

and (6) greatly simplifies to the differential equation

\ = I [eo(t)6LL.-irLL.(t)]cL.(t) + ̂  , (12)

o
where we have written u (t)rTT<. = r_TJ.(t) .

LL LL

It is possible to diagonalise (12) by a transformation which

diagonalises TTT^ to
J_r J_f

The new basis |i> will resemble the Stark basis. In this basis

the system (12) decouples to give

dc.

= U(tMA(t)]ci+*. (li,)

where
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Notice that now the effect of coupling to the surface appears

just as a complex energy e - iA. of the n = 3 levels in the new

basis. Equations (lk) are soluble in closed form to give

p n t -ie (t'-t )+/* [ie (x)+A.(x)]dx
c (t) = -ilwikc° dt'u(t') e * 0 t 0

-f [ien(x)+A.(x)]dx
+ c.(t0) e *0 ° X (16)

where

Wik

Now we insert (l6) into the definition (2) of the density matrix

(which now appears in our Stark-like basis), and make the usual

assumption that the term in the initial density matrix <-»|c- c.|-«>

can be neglected because of its associated exponential decay factor

(i.e. memory of the initial state is erased). Then the density

matrix is given by

» » -ie (t-s)
f dtf dse ~ u(t)u(s)

In (l8) f]_+Q is the Fermi distribution displaced in k-space by the

wavevector Q = mV , and

A£(x) = u
2(x)Ai . (19)

Now Eq,. (18) is still a five-dimensional integral. It could in

principle be calculated numerically, though the integrand oscillates

rapidly in some regions. However for our purposes it is more useful

to get an approximate evaluation which leads to physically intuitive

results. In obtaining this, we are guided by two features of the

specific problem
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- For all distances z , the n = 3 level, located at

e (z) - en(°°) + e A z , lies above the Fermi level

of the metal.

- The Grazing incidence conditions of the experiment are

such that the parallel proton velocity is large but

the normal velocity small.

For simplicity, let us consider approximating (18) in the

hypothetical non-degenerate case for which p.. collapses to a

scalar p . In (l8) we change from time to distance coordinates

x = vt , y = vs (20)

and we separate the k-space sum into an angular average and an integral

over a radial var:

density of states

2
over a radial variable e = k /2m . Then introducing the weighted

g(E)=7r<|Wk|
2f >e=£ p(t) , (21)

~ k

where < > implies an angular average over the energy surface

e, = e , (18) becomes
K

= IT \r 2 J deg(e) / dx / dy e S / v , (22)
0 —oo -co

where

oo

2,S = -ie(x-y) + i J eQ(z)dz - AQ J u
2(z)dz

00

- AQ / u
2(z)dz + v An u(x) + v In u(y) . (23)

y

We may for practical purposes quite accurately describe u(z) by an

exponential function, when S simplfies to

S = -ie(x-y) + i JX so(z)dZ - ̂  (e~
2ax + e"2^)

- a(x+y)v , (2k)
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where we have taken

u(z) = e~az . (25)

Now the solution to the integral (22) with the form (2*0 for S

at low veloci t ies i s known [6,7] for the case e. constant, and with

neglect of the pa ra l l e l velocity shift Q to be * p = 2ir exp[-ire /2av]

Since eQ(z) > £«, > we can say that for Q = 0

p < exp t-Treao/2av] . (26)

Now this upper limit on p is easily seen to be negligible because

even e^ is too far above the Fermi level for any electrons to be

transferred into it at these low perpendicular velocities.

The.actual cause of the occupation of the n = 3 level is the

pseudo-thermal broadening of the Fermi distribution by the parallel

velocity-induced Doppler shift so that states are occupied up to

(27)

The upper limit (27) must lie above e
0(

z) f°r the important range

of z .

We can approximately but very clearly see the physics by doing a

saddle point estimate of (22), most simply with the Ansatz (2lt-25).

We shall assume that g(e) is a smooth distribution and take it out

of the integral (to be justified), when differentiating (,2k) with

respect to x , y and e the saddle point is seen to occur at

x = y = R* (28)

where

2aR* = 4n (^)

and e = eQ(R*) • (29)

Fermi level i s chosen as energy zero.



145

The action is seen to occur at an effective distance R* , around

which the system passes from electronic equilibrium into disequi-

librium. R* increases weakly as v decreases. The electrons

in the Doppler-shifted Fermi distribution at e = e (R*) are the

important ones, and we must have

eo(R*) < kpQ (30)

for there to be such electrons. This poses a lower limit on parallel

velocity for this mechanism; (30) is indeed satisfied for 10 keV

protons.

Actually a slightly more general and accurate procedure is to

return to (23)» rewriting it in terms of new R = (x+y)/2 and

q = (x-y) variables. The saddle point approximation is to be made

in q and e only; the R integral can be evaluated exactly. The

square in the exponent is completed in the variables

n = e - eQ(R)

(3D

where A"(R) = dA/dR . Now (22) becomes

p = 2ir'V2g/dH -p^j /dn /dq exp{S*(R)/v-v"1|A'(R) r1(n2+C2)}

(32)
where

00

S*(R) = -2 / A(z)dz + 2v An u(R) . (33)
R

In (32) we see that the steepness of the maximum of the n-integral

enables us to say that

e ̂  £Q(R) + 0(va) . (3^)

The width of the pseudo-thermal Doppler-shifted Fermi distribution is

Vp,Q , enabling us to say that if

v/V « k /̂a , (35)
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which is easily satisfied, then indeed the g(e) function can be

taken out of the integral. The relevant electronic states of the

host thus lie in a narrow region in momentum space around

e, = eQ(R*) , which is an important conclusion.

The maximum in C is less pronounced and, in the important region

R ^ R* , only confines q to toe q 'v- o . If however we still

make the saddle point approximation, integration of (32) on n and

t, gives

p = ^ J d R g U ^ R ^ e x p l S ^ R j / v ] , (36)

which assuming e n ^ ^s slowly varying gives simply

p . i g ( e 0 ( H » » . (37)

If instead we had carried out a full three-variable saddle point

integration starting from (22, 2kt 28 and 29) we should make an Q%

error relative to (37)«

Equation (37) can be written

l V \ | / (38>

and interprets our result as an average, weighted by occupation, over
the metal states at eQ(R*) of the atom-metal hopping probability.

Going back to our degenerate set of n « 3 states, the generalisa-

tion of the saddle-point technique may straightforwardly be made and

replaces (37) by

2g..(e (R* ))
pij " 1. + A. ' (39)

^ J

Now R* is dependent on i and j , being given by

A.+A.
2<xR*. * An -^—i- , .. (IK))

ij 2av * .. v '

however the dependence is not very strong, appearing only inside the

logarithm of (ho), while the R corrections to e^tR) are only as

R" 1.



147

We have evaluated (39) "by calculating the W. . matrix elements.

The V, _ matrix elements and the TTT* matrix are calculated first,
Kli lili

(for details see reference 8), and the transformation (17) carried

out. The quantities A. and a are evaluated by a fit to the

functions A.(z) . The distances R* turn out to be quite large,

of order 10 au .

It is necessary then to allow for the effect on p.. of the

passage of the atom, decoupled from the surface, through the

capacitor's electric field (Fig. l). This involves solving the

equation of motion of the density matrix in the Stark field, as

formulated by Tully [9) . We did not allow for fringe fields.

The results are compared with the experimental data (Fig. 2a)

in Fig. 2b, with fair success. The interpretation is most clear at

small electric fields. The large value of S/I is due to the

angular momentum around the normal to the scattering plane picked up

by the electron as it jumps from the stationary surface to the moving

atoms. The negative value of M/I comes from principally sp -type
z

polarization of the atom by the asymmetric environment presented by

the surface. The negative value of C/I at zero field is at

variance with the zero value in the theory. This can most simply

be attributed to the neglect of lag of the image of the proton at

the moderately high parallel velocity (V = .6 au) involved in

this experiment. Image lag gives rise to a parallel electric field

which would lead to a nonzero C/I ; this, in retrospect, seems to

be the most important effect neglected in our calculation.

In conclusion, we find that electron transfer from the metal

to the hydrogen n = 3 energy level £Q(z) is determined at a

distance z = R* of order 10 au from the surface on the outgoing

trajectory. Metal electronic levels e in a narrow energy region

around efc = eQ(R*) contribute to the transfer. These states are

normally ~empty but become partially and anisotropically occupied

by a Doppler shift of the Fermi sphere. The density matrix in the

n = 3 subspace can be approximated by a weighted average over these
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Figure 2 - Variation of Stokes parameters with applied electric

field in capacitor, a) experimental and b) theoretical.
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important states which lie on a sphere k /2m •= e_(R*) in k-space.

From this the calculated polarization of light emitted from the

n = 3 •* n = 2 transition is in fair agreement with the data.

REFERENCES

1. N.H. Tolk, I.S.T. Tsong and C.W. White, Analyt. Chem. 49, l6A
(1977).

2. N.H. Tolk, M.M. Traum, J.S. Kraus, T.R. Pian, W.E. Collins,
N.G. Stoffel, and G. Margaritondo, Phys. Rev. Lett. 49, 812
(1982).

3. J.R. N^rskov, D.M. Newns and B.I. Lundqvist, Surface Science
80, 179 (1979).

k. N.H. Tolk, J.C. Tully and Y. Niv in 'Physics of Electronis and
Atomic Collisions' ed. S. Datz (North-Holland 1982), p.833-
81+0.

5. H.J. Andra, R. FrShling and H.J. Plohn, in Inelastic Ion-Surface
Collisions, ed. N.H. Tolk, J.C. Tully, W. Heiland and
C.W. White (Academic Press N.Y. 1977) p.329; J. Bergdbrfer,
Nucl. Instr. and Methods 202, 253 (1980).

6. A. Nourtier, These d'Etat, Orsay 1976; A. Blandin, A. Nourtier
and D. Hone, J. Physique 37, 369 (1976); G. Blaise and
A. Nourtier, Surface Sci., 90, k95 (1979).

7. R. Brako and D.M. Newns, Surface Sci., 108, 253 (l98l);
J.N.M. van Wunnik, R. Brako, R. Makoshi and D.M. Newns,
Surface Sci., 126, 6l8 (1983).

8. R. Brako, K. Makoshi and D.M. Newns, Proc. IX IVC and V ICSS,
Madrid 1983 ed. J.L. Segovia (Imprenta Moderna, Madrid
1983) p. 108; R. Brako, Phys. Rev. B 30, %29 (198U).

9. J.C. Tully, N.H. Tolk, J.S. Kraus, C. Rau and R. Morris, in
Inelastic Particle-Surface Collisions, ed. W. Heiland and
E. Taglauer (Springer-Verlag, Berlin I98I) p.196.



151

AN ION-TRACK MODEL FOR FAST HEAVY ION INDUCED DESORPTION
OF LARGE MOLECULES

A. Hedin, B. Sundqvist, P. Hakansson

Tandem Accelerator Laboratory
Uppsala, Sweden

R. E. Johnson

University of Virginia
Charlottesville, Virginia

A full description of the model is presented in Phys Rev B jtt
1780 (1985).



152

INTRODUCTION

MeV ions impinging on a solid sample of e.g. biomolecules
will cause desorption of molecular ions and neutrals.

Physical situation:

Infra track, r=1-10A, proportional to v, velocity of
the primary ion
* High energy deposition
* Primary exitations and ionizations
* Fragmentation and radical formation of bio-molecules

Ultra track, rMOO-iOOOA, proportional to v
* Energy deposition of secondary and

higher order electrons
* Desorption of bio-molecules

The desorption process is not known in detail. Here,
the "multi-hit" model developed by R. Katz(i) has been used
to relate fluence of secondary electrons to the desorption
of charged unfragmented biomolecules as measuresd by the
time-of-flight technique described in fig. 2. Fig. 3 shows
a spectrum of insulin (MW 5733) obtained with this techni-
que.
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Fig. 1. A cloud of sacondary electrons is ejected from tha
track of tha fait heavy ion. Tha alactron* transfer tha
anargy nictmry for tha desorption procais.

Fig. 2. Tha time-of-flight technique. The Molecules to be
mass analyzed are electrosprayed onto a thin Al-backing
maintained on high voltage. Nolecules are desorbed and
ionized when a fast ion passes the foil. The molecules are
accelerated through a grid on earth potential and are then
allowed to drift in a field-free region before they hit the
stop-detector. The primary ion gives a start signal and
the time difference between start and atop is measured.

200
T
400
TIME

BOO COO 1000
(Ch N..)

Fig. 3. Spectrum of bovine insulin. positive ions. The
region to tha left of the insulin peak is dominated by
fragments. The yield is defined as the number of counts in
the insulin peak per primary ion.
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THE MODEL

The basic assumption of the model is that a certain minimum
number of electrons, m. must hit a molecule at the sample
surface in order to desorb it as an ion. Hence it is
necessary to find the fluence of secondary electrons as a
function of the distance to the track, <f (X)

In order to do this, we will use the energy deposited
by secondary electrons, e(r) This quantitiy is known from
both experiment and theory(2).

o<r<r
is the maximum range of the secondary electrons. The

stopping power of secondary electrons, c, is roughly energy
independent:

1
To find the number of hits per molecule we will assume that
the target molecules have a cubic, shape of side L:

)

average .^electrons/molecule «

. . .

In many real situations, m, the required number of elec-
trons to hit a molecule, will be lower than X throughout
the infratrack so it's necessary to make a statistical
treatment: X, the actual electrons to hit molecule is
assumed to be Poisson distributed with an average X

The desorption probability, i.e. the probability of m or
more hits then becomes

P =
Survival probability, P (r): In order to obtain correct
yield estimates of moleculear ions, the destruction of full
mess molecules must be taken into account. Here we assume
that sample molecules penetrated by the primary ion, radius
*1 X, are destroyed. All other sample molecules have a
constant survival probability, p . Various r-dependent
functions have also been tried, but* didn't influence the
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results much.

O o < r<

p
1 fi

The yield of charged bio-molecules is found by integrating
P P over the sample surface:
d e c • <->

The model hence has two free parameters, m and p^

Fig.4 shows the yield as a function of dE/dX as predicted
by the model for the indicated parameters. Note that there
is a saturation effect for high dE/dX-values; Y dE/dX in
this region, whereas for low dE/dX-values the slope of the
curve is proportional to m.

te'

ta'

18

10'

18

Fig. 4. Yield vs dE/dX for various m values.
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EXPERIMENTS

The yield as a function of dE/dX has been measured(3)
using the Uppsala Tandem Accelerator. The following beams
were used: C, 0. S, Cu and I. The energies of the
beams were chosen so that the velocity was constant
(1.2 cm/ns). This means that the dimensions of the infra
and ultra tracks are constant. The targets used in the
energy loss experiments were the amino acid valine, two
protected oligo nucleotides, AAC and CAACCA, and the pro-
tein bovine insulin. In the case of insulin, the yields of
both positive and negative ions were measured. The results
are shown in Table 1. In applying the model to the
energy-loss experiments, Y/(dE/dX) is plotted versus dE/dX
to stress the saturation effect discussed earlier. The
results are shown in Figs. 5a and b and Table 2.

(McV(cm) (m!1) )

Fig. 5. (a) V/(dE/dX) v* dE/dX for valine AAC and CAACCA.
See table 2. (b> Y/<dE/dXJ vs dE/dX for positive and nega-
tive insulin ions.
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As can be seen in Table 2, m, as expected, increases with
molecule size. p . the survival probability, decreases as
the molecule size Increases, except for insulin which, due
to its cross-liked chain-like structure, is a particularly
stable molecule.

We have also fitted data(4) of yield as a function of
velocity of the incoming ion. A theoretical plot of this,
for various m-values is shown in Fig. 6. Figs.^a
show the model fitted to experimental data of 0 and
incident on valine. In both cases the same m-value as
the energy-loss experiment gave the best fit. p

2

S
in

shifted
the energyloss experiment gave the best fit. p s i e
from 2.82 in the energy-loss experiment to 2.62 for oxygen,
which is consistent and to 1.12 for sulfur, which is not
consistent. This is probably explained by the fact that
the two velocity experiments were carried out on different
spectrometers.

FUTURE

e(r) is the bulk energy deposition. What is true close to
the surface? We would like to calculate the electron flu-
ence directly using ionization cross-sections for primary
processes and simulate the developement of secondary elec-
tron cloud.

Recent measurements indicate that the neutral yield is
*10 times the ion yield. This would mean that the model
only describes the ionization process. What are the
details of this process?

Fig. S. Yield vs v/c for various m values.
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0.02 0.04 0.08 O.OS

10 0.01 0.08 0.07 0.080.02 0.03 0.04 0.05
v/c

(a) Yield of valine when bombarded with 1<po at
energy. (b) Yield of valine when bombarded with

S at varying energy.

Fig. 7. 1 S
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Table 1
Yield of full mass secondary ions as a per cent of the

number of primary ions.

Target

dE/dX (MeV/mg/cnT)

10.3

2.3
.090
.017
.044
.010

3.4.1

8.8
.86
.26
.46
.24

59.1

21 .
1 .7
.43

2.5
1.0

99. 1

30.
2.6
.73

3.7
2.4

Valine
AAC
CCA
Insulin'
Insulin'

1 .3

Table 2
Data of fits in Figs 5a and b.

Target

Valine
AAC
CAACCA
Insulin*
Insulin'

Mass

(amu)

117
1864
3609
5734
5733

L

(A)

5.4
12.3
15.2
19.4
19.4

m

4
10
12
14
16

m/L

(A"2)

0. 14
0.066
0.052
0.037
0.043

P.

(X)

2.8
1.2
0.31
1 .6
1 . 1
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Interest in radiation emitted when swift atomic projectiles strike

solids stems from the need for diagnostic information, e.g., in the

Tokamak research program and in particle beam research. Here we survey

some physical mechanisms that may give rise to appreciable photon

emission when such projectiles impinge on solid targets.

In many practical diagnostic configurations, the condition of an

irradiated solid surface may be uncertain due to residual gas

deposition, radiation damage, oxidation, intrinsic and unknown

roughness, etc. Here we focus on the photon yield from an ideal

aluminum surface, in order to gain understanding of the relative

importance of different mechanisms in a simple case.

Many distinct processes may result in photon emission from con-

densed matter under bombardment by swift atomic projectiles. The

most important of these are characterized as giving rise to transition

radiation, radiation following surface polariton creation,

bremsstrahlung, luminescence and photon emission from atoms or ions

ejected from the surface.

Estimation of absolute yields from these several sources has

required substantial extension of published theory in several

instances. The present abbreviated account of our work will be

supplemented by detailed later publication in the open literature.

Transition Radiation — This is perhaps the best understood of the

photon emissions following charged particle bombardment of condensed

natter. Originally studied theoretically by Ginzburg and Frank it
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has been explored in great detail in the Russian theoretical liter-

(2)ature, theoretically and experimentally in connection with radia-

(3)
tion from plasmon modes, practically as a detector of elementary

particles, and more recently has received much attention as a possible

(4)
beam diagnostic tool. Good agreement has been found between

experiment and theoretical calculations if the dielectric function of

(3)
the irradiated solid is known from auxiliary measurements.

To determine the yield of transition radiation from a swift H

atom incident on a dielectric we have employed a semiclassical approach

in which the equivalent current j = .- [tj> * Vijf - ij» V i}i *] elU)no
^ ''-no 2im Yn o xo Tn

+, c.c^ is entered as a source in Maxwell's equations. Here («JJ , jSui )

is the (wave function, eigenenergy) of the n excited state of the

projectile and u> = U) -U) . Maxwell's equations describe the electro-
^ J no n o ^

magnetic fields in the two-medium system of interest here and are

solved for the number of photons radiated into the far zone outside

of a plane-bounded dielectric. Finally the resulting formula is

summed over all final states of the atom. A closure approximation is

convenient in this application. The calculated results are shown as

the lowest curve of Figure (1) for the total yield of photons per

swift H atom incident normally on a clean Al surface and include

those photons emitted in the wavelength range 200-800 nm, i.e., the

visible and ultraviolet. The small yield is consistent with the overall

electric neutrality of the H atom, even though the effect of transi-

tions to excited and ionized states of the projectile are included.
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In Figure (2) we show the transition radiation yield from a proton or

an electron with the same velocity incident normally on a clean Al

surface. The photon wavelength range is again taken to be 200-800 nm.

Radiation from Decay of Surface Plasmons Created by the Incident

Projectile - Swift atomic projectiles may deposit energy in mode

excitations that are localized near the surface of condensed

matter. Metals, semiconductors and even insulators may support such

modes. Radiative decay of surface excitations at a plane-bounded,

semi-infinite condensed matter interface is possible if the medium is not

invariant to translations parallel with its surface. Long-wavelength

surface plasmon modes on metals are thought to undergo radiative decay

principally through interactions with surface roughness, or, perhaps,

volume roughness such as grain boundaries, defects or impurities.

Typical surfaces of Al metals appear to have surface height variations

M-100 A, while the bumps may extend M00-1000 A along the surface.

The theory of roughness-assisted surface plasmon decay has

received much attention in recent years. Since the photon yield

due to this mechanism is quite sensitive to the roughness structure we

have made the simplifying assumption that a constant fraction (~0.1)

of all surface excitations created on Al give rise to photons in the

7-10 eV energy range. Figure (1) shows the results of this

calculation in the curve marked "SP radiation from atom" for an incident

H atom, with quite a small yield in comparison with that from other
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mechanisms. Figure (2) shows that "SP radiation" from an electron or

a proton is much more copious by several orders of magnitude. Note

that these estimates, which probably represent upper bounds to yields

due to this mechanism, will be improved in calculations to be

published.

Bremsstrahlung from the Incident Particle - When a swift atom

impinges on condensed matter, bound electrons are quickly stripped

from the atom, the most loosely bound being removed in a few atomic

layers of the target. To a good approximation, the bremsstrahlung

yield from H bombardment may be computed from formulas appropriate to

a swift electron incident with the same velocity. Correction is

made for attentuation and internal reflection of these photons as they

emerge from the solid to yield the curve marked "Bremss. from atom" in

Fig. (1) and that marked "Bremsstrahlung" in Fig. (2). Bremsstrahlung

due to proton scattering on nuclei in the solid is negligible compared

with radiation from other mechanisms.

Luminescence - A number of experimental studies have shown that

(9)appreciable luminescence from metals may occur. Zivitz and Thomas

have measured absolute yields from Al, Cu and Mo metals and have made

a theoretical model for luminescence from Al based on a four-band

pseudopotential model. Although they did not attempt to solve for the

electron-hole cascade spectrum resulting from ion impact, an ad hoc

assumption about the electron and hole distributions appeared to
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account for the general form of the emission band. The measured yield

2
from Al is quite large, "̂ 10 photons over the visible spectrum per

proton of 25 keV energy. If we assume that this luminescence is

proportional to the total energy loss per unit pathlength of the

projectile incident on the surface, i.e., the stopping power at the

entrant energy, we find the curves labeled "Luminescence" in Figs. (1)

and (2).

Photon Emission from Atoms or Ions Ejected from the Surface — It

is well-known that atoms or ions sputtered from a solid by atomic or

ionic bombardment may radiate. Generally one expects the

probability of photon emission per sputtered particle to be much less

that unity. For the present purposes we assume that every sputtered

particle yields one photon in the visible wavelength region. The

sputtering data of Roth et al. give ^2.8 x 10 sputtered atoms

per proton of 8 keV energy incident on an Al surface. We assume that

the yield at higher incident energies of either protons or H atoms

may be obtained by scaling by the nuclear stopping power of Al for

either projectile. For the present purposes we take the stopping

power for H and H to be the same at the equal energies. The curves

labeled "Sputtered atom yield" in Figs. (1) and (2) were obtained in

this manner and indicate that radiation from sputtered particles is

probably quite small compared with that from other mechanisms.

Sudden (Appearance) Radiation — It is clear that when a swift

atom loses an electron soon after entering a solid, the resulting ion
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plus the separated electron constitute a current that may couple

directly with the electromagnetic field. To a good approximation,

this current, £, after the stripping of an H atom, may be written ^ =

ev (1 - cos9 ) 6(z - £) 6(x) 6(y) 6(z - vt) if the atom is located at
~ o

the point (0, 0, vt) at time t and if the electron is ejected at the

angle 8 relative to the z-axis at depth & below the surface. The

solid is assumed to be located in the region z > 0. When this current

is entered as a source in Maxwell's equations, and the photon yield in

the region z < 0 is calculated and after averaging over the

probability that the electron is ejected at angle 8 and at depth S.

below the surface, one finds the curve labeled "Sudden radiation" in

Fig. (1). One sees that the yield is quite small compared with that

from other sources.

Radiation from Cascade Electrons — Swift atomic projectiles

bombarding solids may generate large numbers of secondary electrons,

which themselves give rise to still more electrons. The number and

spectrum of such cascade electrons escaping a solid have been studied

extensively for a wide range of electron energies and for many

(12)
combinations of projectiles and targets. Thorough experimental

studies of the cascade-siowing-down spectra generated in different

solids by uniformly distributed sources were made by Birkhoff and

(13)coworkers. The Boltzmann transport theory of such spectra has

been developed but because of uncertainties in the relevant cross

sections for energy loss and secondary generation only a few
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theoretical calculations of the escape spectra have been made for

(14)
certain solids down to energies ^1 eV. Generally a substantial

buildup of cascade electrons occurs ât energies much smaller than the

source energies. It has been found that the low-energy end of the

yield spectrum, (j)(E,E ), escaping from metals is obtainable to good

accuracy from the following expression

<KE,E O) = T(E) (1)

where —7
167a

t a n" and r is
s

the one-electron radius in the electron gas, for which the Fermi

2 2
energy is E- and a = JS. /me is the first Bohr radius. This

J? o

expression is appropriate when an electron with energy E is incident

on the metal with stopping power S<.(E ) for the electron, and is

corrected for the transmission, T(E), of the surface for the cascade

electrons. The spectrum is then the number of escaping electrons per

unit energy interval at energy E per electron incident on the surface.

At higher energies the spectrum may be approximated by

(E,Eo) = R(E,EQ) ^ (2)

where R(E,E ) is a factor that is quite insensitive to the
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material under consideration and depends primarily on the ratio E/E .

We join expressions (1) and (2) smoothly at intermediate energies.

In crossing the surface, cascade electrons may generate

transition radiation. Surface plasmons that subsequently radiate may

be created and, of course, bremsstrahlung photons can also be

generated in the bulk of the solid.

To a good approximation we may assume that protons and H atoms

with the same velocity give rise to the same escape cascade spectrum

when incident on the same solid. Estimates of transition radiation

yield and bremsstrahlung yield in the visible and surface plasmon

radiation decay yield in the VUV from cascade electrons generated in

Al by H atoms and protons as a function of incident velocity are

shown in Figs. (1) and (2). According to these estimates, the second

largest contributor to radiation from H bombardment (after the

luminescence process) is surface plasmon radiation due to cascade

electrons. As emphasized above, the radiative yield from surface

plasmons is difficult to estimate so that this curve may be correct

only as to order-of-magnitude.

Summary - We have presented estimates of the photon yield to be

expected when swift H atoms and protons are incident on a thick

aluminum target. The yield is estimated due to several different

mechanisms. It is concluded that luminescence is probably the most

important with radiative decay due to surface plasmons created by

cascade electrons the next most important.
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The estimates presented here are subject to uncertainties due to

their sensitivity to assumptions made about the properties of the

target. They have required substantial extension of published theory

in several instances and will be refined and supplemented by detailed

later publication in the open literature.
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The purpose of the research we are presently engaged in is to explore
theoretically some of the less well understood aspects of the stopping of swift
particles by matter. We wish to consider here some possible target phase
effects attendant on low energy proton stopping.

We conventionally write the velocity dependent stopping power, stopping
cross section, and stopping number as

-g-nS(v) (1)

9

S(v) - V-Uv) (2)

and

L(v) - *n 2^v! _ C£v). + (1) + (2) +
1 Z« I Z

where Z\ and 7.2 refer to projectile and target atomic numbers, respectively.

Recently Sigmund [1], using energy and momentum conservation considera-
tions, developed a transformation equation which relates the stopping number for
scattering by scatterers with a velocity distribution, L(v), to that for the
scatterers at rest, Lo(v). We have implemented this in a shellwise manner [2],
yielding

shells
L(v) = I L. (v) (4)

k k

<*> v+v2 2 v 2

Lk(v) = TT / Pk(v2)v2dv2 / LQ (v-) [ 1 + i - - -L. ] dv' (5)
0 v-vo v'2 v11
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where Pk(v2> is the velocity distribution of the scatterers.
restrict to Bethe/Born scattering, so we choose

We will further

-v (6)

where (̂  are orbital weights, the shellwise mean excitation energies are related

to I by

(7)
2 k

and

k ^ 2m
(8)

We consider atomic targets. The shellwise electron velocity distributions
are obtained from numerical Hartree-Fock wavefunctions [3] by Fourier transfor-
mation. The shellwise mean excitation energies and orbital weight factors [2]
come from Hartree-Fock-Slater calculations of oscillator strength moments by
Inokuti et al. [4] Results obtained via this schema are quite reasonable, as
can be seen in Figure 1, where the calculated stopping cross section of AX- ( O .
for protons in the low MeV range is compared to averaged experimental data [5]
( D ) and to other calculations [6] (• ).
Stopping cross sections and shell correc-
tions for 1 < Z 2 < 36 and 25 keV < E p < 90
MeV are tabulated elsewhere [7].

Stopping at lower projectile energies
18] is characterized by a peak in the cross
section in the region of 100 keV with rapid
decay on the low energy side. The curve in
this region can be characterized by the
position of the peak (E m a x), its height
(Smax) and the limiting slope of the S vs. v
curve [S'(v=0)].

The calculated position of the maximum
as a function of Z2 (-*-) is presented in
Figure 2. Simple Bethe theory gives

max 2m
(9)

so that reference to Inokuti's [4] mean
excitation^energies naively predicts an

EpfMeV)

Figure I
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increase in E m a x across each period, as is
observed. Also, Powers has pointed out [9]
that the maxima should occur in about the
same place for the rare gasses, with Ne a
bit higher; again, as observed. If we com-
pare to experimental data directly, however,
we find that although agreement is good with
data for vapor phase samples { Q[10];
y[11]}, it is very poor when compared to
that for solid targets { £ [12]}; especially
metals.

Similar comments pertain to the value
of the cross section at the maximum, Sraax.
Here simple Bethe theory gives S m a x <C I/I,
so a decrease across each period is expect-
ed, and, from Figure 3 shows, that is what
these calculations (-•—) show. As with
E m a x > agreement is good with experimental
data on vapor targets { O [10]; D [H]}, but
is poor when the targets are solids { 0
[12]}; again particularly for the metals. Figure 2

In the case of the initial slope, we have shown [8,13] that in the low
velocity limit,

Sv(v) = 8™ [ v

-3
<V2 5

+ v (10)

where the coefficients of velocity are the
moment like integrals

<v v Pk(v)dv (11)

k

As experimental data for very low projec-
tile velocities are difficult to obtain, we
present our calculated results (—•—) for
S(v-0.2 au) (Ep=l keV) in Figure 4. The
averaged exeperimental data { A [5]} again
show best agreement with data for vapor
phase targets.

The systematic agreement of our calcu-
lations on atomic targets with experiments
on vapors and concurrent systematic
disagreement with experiments on solid
(especially metallic) targets is ascribed
to phase effects.

W 30 2,

Figure 3
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It is well established [7,14] that at
low projectile energies, stopping is accom-
plished primarily by valence electrons. In
vapor targets, these electrons are atomic-
like and are well described by an atoraic-
like orbital picture. When dealing with
solid and especially metal targets,
however, the valence electrons are greatly
changed from their atomic states, necessi-
tating a band-lilce description. These
changes, in both valence Î 's and Pfc's,
thus yield stopping characteristics for
solid targets in poor agreement with our
atomic calculations, while the agreement
with our results for vapor targets, where
much smaller deviations from atomic-like
structure takes place, is much better.

It thus appears that atoraic-like
systems such as the rare gasses, which form
van der Waals solids with little pertur-
bation of their valence electron structure
on condensation, should show little phase
dependence in their low velocity stopping
characteristics [Smax, S m a x, S(low v)J, while metallic systems should exhibit
greaudlffereaces in theiTvapor phase and solid phase stopping characteristics.

Figure 4
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STOPPING POWER

S(MeV-cm2/g)

6

Z - target atomic number
A "'.target atonic mass
L ™ stopping number
z « projectile atomic number

L

o f(B) - In I - C/Z - 6/2

(B) - An <^£j£) - B2
1-B

I ";raean excitation energy
me2 " rest energy of electron
6 » density effect correction
C - shell corrections

C -

C -

Cg " K-shell correction

C, » L-shell correction

calculated by H. C. Walske

V. and ~ti. arc scaling parameters

Barka* Effect (Projectile-zs Effect)

L,

F - see Aihley, Ritchie, and Brandt
(Phys. Rev. B5» 2393 (1972), etc.)

x - 40.2 E/MZ

E = projectile energy in M°V
M - projectile mass in amu

b = free parameter of formalism

Bloch Effect

(Projectile-z4 Effect)

L2(y) = l)i(l) - Re[^/(l+iy)]

1
y = z 137

i(» • logarithmic derivative of
the gamma function

Projectile Charge

"EFFECTIVE CHARGE"

z* « yz where

Y - (1 - exp (-Xvf)>

a 137

Case Shell Corr. . Charge State

1 C - $C Y - (l-exp(-Avr))

2 C - C Y - (1-Cexp(-Xvr))
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•quare relative deviation of calculated fro* Matured (topping povtra
(o), (or both pratea* and alpha part!cite ae projectllea traverelng
Nt. Ar. Kr. and Xa.

Tartet

lit

Ar

Kr

Xt

1.64

2.10

2.02

1.3*

1.02

U.OS)
1.04

(2.70)
2.69

1.12

Protona

1.40 2...4

<2.ip>
1D.4.7 4.57

(2.40) (13._4)
».07 13.C-0

1.11 lS.lt

Alpha Partlclee-

i I £
1.03 2.07 0.3*

1.31

1.01

2.15

1.24

Table «.

laac-fic valuta of charic-aCeta correedon factor (A) and shall correction
•Mlclpllcatlvctfactor (•) . vith corraepondlng value of root-nctn-aquara
relative deviation of calculated from •eaaured atopplnt povara (o), for
both proton, and alpha ptrtlule projtctlle* tr«vcriing He, Ar, Kr, and Xe.

Target

Ar

Kr

Xe

X

1.63

1.14

1.02

0.71

Protona

1
0.90

1.21

1.22

1.24

£
1.41

3.82

3.41

l;07

Aloha Partldea
: ± 2

2.22

8.43

8.24

0.98

0.86

1.01

0.3(

5.88

1.31

Excerpts from paper appearing in Nucl. Instr,
and Methods B (1985).
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WORKSHOP ON STOPPING POWER FOR LOW ENERGY IONS

University of Linz, Austria

(September 20-21, 1984)

1. P. Sigmund (Odense) Kinetic and Dielectric Theory of Stopping Tower
and Straggling

2. R. Wedell (Berlin) Calculation of Proton Energy Losses in the Inter-
mediate Energy Region

3. u. Serarad (Linz) Theories Applicable Around the Stopping Power Maximum

4. J. Biersack (HMI Berlin) Recent Developments in Nuclear and Electronic
Stopping Predictions for Ion Energies up to 200 keV/u

5. J. Laszlo (Budapest) Local Field Corrections in the Calculation of
Electronic Stopping Power

6. H. Andersen (Copenhagen) Effective Charge Around the Stopping Power
Maximum

7. H. Geissel (Darmstadt) Experimental Results on the Stopping of Partially
Stripped Heavy Ions in Matter

8. N. Govern (JET) Measurements of Frozen-charge and Charge-changing
Contributions to Stopping

9. L. Porter (Univ. of Montana, U.S.A.) Variations of Effective Charge in
Analyses of Stopping Powers for Heavy Ions

10. F. Schulz (Munich) Effective Charge of Protons in C, Al, and Au

11. H. Andersen (Copenhagen) Experimental Uncertainties

12. P. Sigmund (Odense) Analysis of Energy Loss Spectra

13. P. Bauer (Linz) Influences of Different Layouts on Stopping Power
Measurements

14. K. Groeneveld (Frankfurt) Energy Loss Related Studies with Molecular Ions

15. J. Kemmler (Frankfurt) Wake Effect on the Stopping Power of Molecular Ions

16. W. Neuwirch (Cologne) Aggregates of Atoms (Solids, Liquids, Molecules) and
their Stopping Power

17. P. Borgesen (Garching) Measurements of Stopping Power for keV Light Ions

in Condensed Molecular Gases

18. J. Sacin (Odense-Univ. of Florida) Effect of Sample Phase on Low Energy
Proton Stopping

19. D. Thwaites (Edinburgh) Current Status of Phase Effects and Effects of
Chemical Binding on Stopping Power

20. 11. Andersen (Copenhagen) Summary
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THE WERNER BRANDT WORKSHOP ON PENETRATION PHENOMENA
PHOTON EMISSION FROM IRRADIATED SOLIDS

Oak Ridge, Tennessee
April 15-16, 1986
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J. Bradford
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Hanscom Air Force Base, MA 01731
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Department of Physics
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Knoxville, TN 37996

0. H. Crawford
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Oak Ridge National Laboratory
Oak Ridge, TN 37831

S. Datz
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Oak Ridge National Laboratory
Oak Ridge, TN 37831

R. D. Edge
Department of Physics
University of South Carolina
Columbia, SC 29208

Walter Ekardt
Fritz-Haber Institute
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Berlin D-1000-33
Federal Republic of Germany

Merle Elson
Code 3818
Michelson Laboratory
China Lake, CA 93555

T. L. Ferrell
Health and Safety Research Division
Bldg. 4500S, H-150
Oak Ridge National Laboratory
Oak Ridge, TN 37831

R. Fiorito
Naval Surface Weapons Center
Silver Spring, MD 20910

W. R. Garrett
Health and Safety Research Division
Bldg. 4500S, H-150
Oak Ridge National Laboratory
Oak Ridge, TN 37831

D. Hall
Institute of Optics
University of Rochester
Rochester, NY 14627

A. B. Hedin
Tandem Accelerator Laboratory
Box 533
S-751 21 Uppsala
Sweden

W. R. Holland
The Institue of Optics
The University of Rochester
Rochester. NY 14627
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H. H. Hubbell ,
Health and Safety Research Division
Bldg. 4500S, H-150
Oak Ridge National Laboratory-
Oak Ridge, TN 37831

R. H. Hughes
Department of Physics
University of Arkansas
Fayetteville, AR 72701

D. R. James
Health and Safety Research Division
Bldg. 4500S, H-150
Oak Ridge National Laboratory
Oak Ridge. TN 37831

G. Lapicki
Department of Physics
East Carolina University
Greenville. NC 27834

G. D. Mahan
Department of Physics
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Knoxville. TN 37996

M. J. Moran
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P. 0. Box 808
Livermore, CA 94550

C. E. Moss
Q-2 MS J562
Los Alamos National Laboratory
Los Alamos. NM 87545

D. Newns
Department of Mathematics
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London SW7 2BZ
England

M. Payne
Health and Safety Research Division
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L. E. Porter
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University of Montana
Missoula. MT 59812

C. T. Riemann
Department of Nuclear Engineering
and Engineering Physics

University of Virginia
Charlottesville. VA 22904

R. H. Ritchie
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Bldg. 4500S. H-150
Oak Ridge National Laboratory
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D. W. Rule
U.S. Naval Surface Weapons Center
Silver Spring. MD 20903

J. R. Sabin
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University of Florida
Gainesville. FL 32611

K. Shung
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K. Siomos
Physics Department
Technical University of Crete
Iroon Politechnion
Chania, Crete
Greece

B. R. Smith,
AFWL/AWYW
Kirtland Air

Jr.

Force Base, NM 87117

S. Stern
U.S. Naval Surface Weapons Center
Silver Spring, MD 20910

B. Steverding
Headquarters DNA/SPLH
Washington. DC 20305



189

K. R. Subbaswamy
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