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As described in the previous talk, our work at ORNL on material

interaction has been carried out together with Moon Cha's group at NSWC.

Research in FY 83-84 on the energy distribution of electrons generated in

solids by intense e-beams and on the transient conductivity of irradiated

insulators was discussed in the preceding talk.

Here we describe work done in this period on (a) certain non2.«.iiear

processes of potential importance at high energy densities in condensed

matter and on (b) the theory of the electron slowing-down-cascade spectrum

engendered in solids by e-beams.

Figure (1) shows two elementary interactions that might result in

augmented energy deposition if the intensity of the beam were large enough.

In the first case, a beam electron and a photon interact through the

intermediary of an excited electron or hole in the medium. The photon

is assumed to exist because of the interaction of other (or the same) beam

electrons in the target material. We have estimated the augmentation of

the stopping power of a free electron gas for the electron due to this

process and find the result shown in Eq. (1), Figure (1). Here tu is the

2 2
photon frequency at which the photon flux is 4> , a = Jh /me , Jfu> is the

plasma frequency of the medium and c is the speed of light. We estimate

that at photon fluxes expected to exist at typical beam currents this

augmented energy loss is negligible compared with the loss to first-order

electronic excitations in the medium. An estimate of comparably increased
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energy loss by a given beam electron in nonlinear interaction with another

beam electron through excited states in an electron gas gives tr_ result

2
shown in Eq. (2), Fig. (1). Here Ry = e /a and the energy of electron (1,2)

is represented by (E^E^). Unless IE - Epj > J&u the right hand side of

Eq. (2) is understood to be zero. Again it is found that at conditions of

interest here (-dE/dXJ is negligible compared with direct losses to

AUg

medium excitations.

The duration of aD e-beam pulse is expected in most cases to be very

long compared with times characteristic of electron degradation-cascade

processes. Hence one may think of a quasi-equilibrium distribution of

electrons with energies ranging from that of the source down to thermal

energies existing in a medium that supports an e-bean,. This distribution

consists of nearly free electrons that could absorb energy from the beam

in quantity comparable with that in direct excitation from the ground

state of the solid if the cascade density is large enough. We indicate in

Fig. (2) an expression for the augmented energy loss per unit length of

a nonrelativistic electron in the medium due to losses to a degradation

spectruir equivalent to an electron density of n, (electrons/unit volume)

in the medium. The mean excitation energy I . is expected to be very

small compared witb the mean excitation energy I of electrons in the ground

state of the solid. Estimates of (-dE/ds). /(-dE/dx)- ... from our work

Aug JJetne

on the degradation-cascade spectrum indicate that this effect is probably

negligibly small under conditions of interest here.

Still another nonlinear process that might affect energy deposition

has been considered. If the magnetic field accompanying the e-beam is

strong enough it may change the response function of the solid sufficiently

to alter the rate of energy deposition in the material. Several



simplifications have been Bade in order to gauge the magnitude of this

effect. We have assumed (a) that the magnetic field is constant and

uniform and (b) that the electrons in the medium constitute a degenerate

electron gas. Theoretical work by Akhiezer and coworkers [Soviet Pbys.

JETP 1J, (1961)) has found fairly simple results for the stopping power

of such a medium for a fast electron. Figure (3) shows a formula for the

ratio of the augmented energy loss by a swift electron with velocity v

in the presence of the magnetic field (H ) to the energy loss of that

electron in the absence of the field. Here p = v/c, 4iu< is the plasma

energy of tbe medium and UJ = eH /me is the cyclotron frequency of electrons

in the medium. Under conditions of interest here this ratio is very small

compared with unity.

We now describe the slowing-down-cascade spectrum of electrons

generated in a solid by an intense e-beam. A quantity central in

representing the response of a medium to external disturbance is its

inverse dielectric function. Work by Crawford (see Fig. (4)) has shown

that when a charged particle proceeds in a random direction in a crystal

lattice the response function may be considered to depend only on the wave

number and the frequency of the disturbance. Standard theory relates the

inverse mean free path and the energy loss per unit path length of an

electron to the inverse dielectric function of the medium (Fig. (A)). Since

experimental data on the dielectric function of materials of specific

interest here are available primarily in the long-wavelength (small k)

region, it is necessary to extrapolate these data for non-zero and even

very large values of k in a rational fashion. Figure (5) indicates a

"plasmon-pole" approximation that allows such extrapolation, satisfies

the Bethe sum rule and has the proper "Bethe ridge" asymptotic behavior

for large k and tu (see Fig. (6)).



By synthesizing data on photoelectric absorption and electron energy

loss distributions in NaCl the curve of u> Ina (-E (o,u>)) versus J6u> shown

in Fig. (7) has been constructed. From this, the partial oscillator

strengths f. corresponding to the several energetic transitions possible

in the medium have been extracted. Once the f. are given, the differential

inverse mean free path for energy loss T by a free electron with velocity

v may be written as in Fig. (8).

Figure (9) shows I(E) and S(E) plotted as a function of electron

energy E for a NaCl crystal. All quantities are expressed in atomic units

(e = <K = m = 1). The values of S(E) are in good accord at E >> 1 a.u.

with those expected from interpolation of experimental values isee

M. J. Berger and S. M. Seltzer, "Stopping Powers and Ranges of Electrons

and Positrons," NBS Report, NBS IR 82-2550].

In order to construct electron spectra at energies ranging from the

source energy down to thermal due to GeV e-beams interacting with solid

insulators it is necessary to account for spatial transport effects.

Our approach here is to use existing electron transport codes to calculate

electron spectra at various positions in an irradiated solid for energies

down to ^20 keV. At lower energies, it becomes very important to account

for shell effects and the detailed energy loss function, but electron

transport in space should be negligible for the present purposes. Hence

we use the transport code spectra (at various positions of interest) as

input to an integral equation for the electron slowing-down-cascade spectra

y(E) at lower energies as indicated in Fig. (10). This Volterra integral

equation Bay then be solved numerically to find the flux down to the

subexcitation region and, as well, to thermal energies for each spatial

point of interest.

Figure ill) shows electron fluxes at various depths in a 1 m thick



NaCl crystal irradiated by 0.5 MeV electrons in a broad-beam configuration.

The fluxes are specified in units of the flux incident on the slab and

are designated in several energy bins as shown. These calculations were

carried out by V. E. Anderson using the ETRAN program written at NBS.

Figure (12) indicates the integral equation that is solved to arrive

at the low-energy fluxes. A typical result of this approach is shown in

Fig. (6) of the preceding talk. A complete description of fluxes at

various positions in e-beam bombarded slabs of NaCl and SiCL will be given.

Figure (13) shows plans for future work that we are interested in

undertaking in this connection. Many important unsolved problems remain

to be considered in this area.

Research sponsored jointly by the Solid State Sciences Division,

Rome Air Development Center, under Interagency Agreement DOE No. 40-226-70

and 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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THE INTERACTION OF A SWIFT ELECTRON WITH A SOLID

FOR RANDOM DIRECTIONS OF MOTION IN A LATTICE

(SEE O.H. CRAWFORD, PHYS REV A2£ 1260, 1983)

WHERE £ (G,V,«J) IS THE INVERSE DIELECTRIC FUNCTION CORRESPONDING
TO RECIPROCAL LATTICE VECTOR 6 OF THE CRYSTAL,
TO WAVE VECTOR K AND TO FREQUENCY &).

IS THE INVERSE DIELECTRIC FUNCTION AT WAVE
NUMBER K AND FREQUENCY/^, ^

THUS THE INVERSE MEAN FREE PATH L ( V ) FOR AN ELECTRON WITH
VELOCITY V PROCEEDING RANDOMLY IN A CRYSTAL IS

or >
AND THE STOPPING POWER S(v) OF THE MEDIUM IS

Figure (4)



REPRESENTATION OF THE INVERSE DIELECTRIC FUNCTION OF A SOLID

WE USE A "PLASMON-POLE" APPROXIMATION (R, H. RITCHIE

AND A. HOWIE, PHIL MAG 2£ 463, 1977; 0. H. CRAWFORD AND

C. W. NESTOR, PHYS REV 2£ 1260, 1983).

S

SUCH THAT THE BETHE SUM RULE

IS SATISFIED, WHERE

NA = ATOMIC DENSITY

N E * ELECTRON DENSITY

Fj = ITH COMPONENT OF THE

OSCILLATOR STRENGTH

DISTRIBUTION

(5)
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Figure (6)
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THE DIFFERENTIAL INVERSE MEAN FREE PATH

USING THE PLASMON-POLE FORK FOR IM [-e"*(K.$)J , WE FIND FOR
THE DIFFERENTIAL INVERSE MEAN FREE PATH

7 t '
-T J o+e>w

WHERE E

f^ c minimum e « e ^ (OST

AND * > £> (*} -

THIS FOLLOWS FROM GENERALIZATION TO THE MILLER RELATIVISTIC FORM.
THEN

m

Figure (8)





THE ELECTRON SLOW IN6-D0WN-CASCADE SPECTRUM

• STANDARD ELECTRON TRANSPORT CODES YIELD ELECTRON FLUXES

FROM E-BEAK IRRADIATION OF SOLIDS DOWN TO ENERGIES -20 KEV.

• To DETERMINE FLUXES AT LOWER ENERGIES, DOWN TO THE

SUBEXCITATION REGION (-10 EV IN INSULATORS), WE NEGLECT

SPATIAL TRANSPORT AND USE THE HIGH-ENERGY (TRANSPORT CODE)

SPECTRUM AS INPUT TO AN INTEGRAL EQUATION FOR THE LOW-ENERGY

FLUX DISTRIBUTION, Y(E)[ELECTRONS/CM*EVJ,

• THIS VOLTERRA INTEGRAL EQUATION MAY BE SOLVED

NUMERICALLY.

Figure (10)
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THE LOW-ENERGY FLUX SPECTRUM

DEFINE AN AUXILIARY FUNCTION

WHERE S(E) IS THE STOPPING POWER OF THE MEDIUM FOR
AN ELECTRON WITH ENERGY E. ® E ) * LN(E/27.2 EV) IS A
LOGARITHMIC ENERGY VARIABLE.\ „ ,

—•—~$'d> ** *•?

ONE MAY SHOW THAT R(U) SATISFIES
U, f# u.

- ELECTRON SOURCE STRENGTH AT U(E) CALCULATED FROM
STANDARD TRANSPORT CODES

j = INVERSE MEAN FREE PATH FOR EXCITATION OF THE
JTH SHELL BY AN ELECTRON WITH ENERGY f(u')

U ^ - LOGARITHM OF THE ENERGY OF THE I ™ AUGER
ELECTRON CREATED IN THE FILLING OF THE J ™
KIND OF HOLE IN THE SOLID.

K(U'U) - RELATIVE PROBABILITY THAT A SECONDARY
ELECTRON WITH ENERGY E = 27.2 eU(EV) IS
GENERATED IN THE SOLID BY A PRIMARY WITH
ENERGY E' - 27.2eU'<EV).

Figure (12)



PLANS FOR THE FUTURE

APPLY PRESENT APPROACH TO CALCULATE ELECTRON MOBILITY AND
CONDUCTIVITY IN IRRADIATED SLO2

-INCLUDE GEMINATE RECOMBINATION

EXTEND THEORY TO HIGHER BEAK INTENSITIES
-INCLUDE NONLINEAR TERMS IN THE BOLTZMANN TRANSPORT
EQUATION

-ACCOUNT FOR SCREENING OF INTERACTIONS BY EXCITED
ELECTRONS,, PLASMON EFFECTS, AUGER RECOMBINATION

-ACCOUNT FOR HIGH-MOMENTUM TRANSFERS IN ELECTRON-PHONON
INTERACTIONS

-MODIFY RECOMBINATION RATES WHEN KIGH DENSITY OF HOLES
IS PRESENT

EVALUATE EFFECTS OF ELECTRON TRAPPING
-ASSOCIATED ELECTRIC FIELDS UNDER CONDITIONS OF LONG
IRRADIATION TIMES AND HIGH DOSES

PREDICT OTHER ELEMENTARY NONLINEAR INTERACTIONS

Figure (13)



DISCLAIMER

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


