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Abstract

This document is the initial segment in a general treatment
of the response of materials to transient irradiation from
thermonuclear sources. Its function is to develop the background
material relating to the interaction mechanisms and commensurate
displacement, thermal and stress responses which occur when
materials are irradiated with neutron, photon, and ion pulses.
In addition, the methodology for an analysis of the synergistic
effect of these responses on materials is outlined. Subsequent
publications will deal with preliminary results of such an analysis
or with more detailed developments related to some of the specific

phenomena involved.
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I. INTRODUCTION

Ve

" The deVélbpméﬁfﬂOEMfﬁgM%ééhnoiEE§'for the confinement
of a ‘plasma which- has sufficient.density-and temperature

to achieve thermonuclear conditions. has resulted in several

= ,alternative approaches to production:of.useful energy from

.-controlled fusion. A principal .distinction-between these
approaches is;the~time\scale_over?whighﬁghe;eggrgy is re-

- leased from the thermopuclear reaction.- The .duration and
magnitude of this energy release will determine the re-
sponse of materials which are used in the design of a fusion
-reactor. Of particular . interest is response of "first

- wall" materials which are directly exposed to the radiation
from the fusion source.

In this document, the ba;kgrpgnd ma;e;i§l for a self
consistenﬁleva;uatiop of the ;espon§e,pf firsE wall materials
to pulsed irradiatidﬁ'from thermonuclear sources will be de-
Veloped. The analysis willfinglude«thosef;nitial responses
due to primary interaction of radiaﬁionywi;hjwéll materials
as well as the longer term response when equilibrium is
approa@hed; Emphégig»willhbenp;aﬁed éﬁwthe synergism be-
t@eéﬁ‘the éhqrmél,léﬁfesgia#quiépiécement damage responses

1
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and on the interaction of these transient states on sub-

sequent effects.

I.1 Phenomenology and Spectral Sensitivity

The phenomenology-associated with transient irradia-
tion in .a fusion:environment is outlined in Figure 1. A
necessary input.to-.determine the:multitude of associated
response modes:is. a.description of the irradiation source
and a“description-of~a first wall- concept.

Theﬁprimary'ﬁﬁlsedffﬁSion'§burce radiation can be
described by the spectra of neutron, charged particles, or
photons produced in“each’ pulse. - The neutron spectrum will
be determined by the fusing nuclei, the source density, and
any non-fusing nuclei’ present in the source. The energy
range of interest is limited to about 15 Mev. |

The chérgedﬁbértitle Specfrérfrdm a thermonuclear
source Wiiiicensiéigof“the“fusinéfndEfEi; ﬁfdduet nuclei
and noﬁ-fﬁéinéggﬁeéieéy "The range will be limited
to approx1mately"the max1mum klnetlc energy glven to a
product nucleus in a2 Ffusion reactlon. - i |

‘The.nhoren“sbeétrﬁn wiiiTSé"aéiérﬁined by‘the'confine-
ment mechanism, sbﬁ}cé5t%mpéra£u}éléand the spec1es ‘present.
For most short pulse duratlon systems; the energy range of
interest for photons is up to about 100 Kev. However,

higher energy photons will interact with the first wall
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‘ 4
but they are”principally due to secondary rediation such
as neutron capture.

To establish a qualltatlve understandlng of the re-
sponse of materials, the relative mean free paths in car-
bon (range in the caseiof charged partlcles) for various
energy radiations is“shown in Figure 2. First walls for
most fusion systems are on _the order of a few mm in thick-

N

ness, hence from the data 1n Flgure 2 it is clear that the

incident neutron: current w111 be only sllghtly affected by

‘ &

the flrst wall regardless of the initial neutron spectrum.
The ion flux on the first wall will be absorbed in the first
10 um for all reasonable ion energies.: The mean'free path of
the energetic photons, honener, can'vaty by afaetorhof 107over
the energy range of interest. ‘Conseqnently the spettral
sensitivity of material resbonse to the primary radiation
can be summarized as:

| neutrons-- insensitive

ionsf -~ sensitive

photons -- extremely sensitive

I.2 Interaction Chronology

The primary interaction of the source nentrens is with
the target nuclei while the photbn interactienéis with
target electrons and ions interact with bothuelectrons and
nuclei. The partitioning of 1nteract10n energy between

nuclei and electrons is cruc1a1 to the ultlmate response of
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the material since only the nuclear eﬁérgy losses‘wiii
result in damage to the material structure in the foru of
atomic displacements while the electronlc energy w111 pro-
duce ionization and local deposition of energy (heat).

The'damage energy 1is givenjfirst:torprimary-knéck-ons
(PKA's) whichwthen)preduteweuBEedueutidiéplécemeuts is they
travel through the méterial The: resultlng concentratlon of
point defects will undergo recomblnatlon mlgratlon,Aand
agglomeration depending upon the mlcrostructure of the
material. The accumulétipn of singlevand clustered &efects
can result in macroscopic effecteveuch'asiswelling, creep,
etc.,l which will determine the ultimate iife offthe tirst
wall material. | H

The above processes do not,dc;ur iudependently:from
the thermodynamic stete of the material_since the destiny
of the original'defe;ts7is strongly iufluenced by thé-local
temperature and Stress etéte. Tﬁe electrenic energy de-
posited by the: radlatlon source is also a potentlal source
for the creation of local temperature and stress tran51ents.
The ultimate temperature history will be determined by the
energy deposition time ahd the thermal reSponse of tﬂe
material, and an equlllbrlum operatlng temperature is ap-
proached following each energy pulse. Slmllarly, thef
stress history will be determlned by the rate of energy

deposition and the elastic response of the material.



I.3 Pulsed Fusion Systems

With the possible exception of mirrors, most confine-
ment systems for thermonuclear fusion operate in a pulsed
mode. Tokamak systems operate in a pseudo steady state man-
ner but are limited in pulse duration by impurity buildup in
the plasma and the available magnetic flux for plasma cur-
rent. Theta pinches utilize pulsed magnetic fields for
implosion heating and adiabatic compression of a toroidal
plasma. These fields are programmed so that the ignited
plasma will expand against the field but not be allowed to
reach the first wall. Pulse durations are consequently on
‘the order of 0.1 second.

Inertial confinement systems, which include lasers,
eléctron beams:and ion beams, rely on the rapid deposition
of energy in the periphery of a small fuel pellet. This
energy will cause the pellét to be compréssed and heated to
‘thermonuclear conditions. The duration of the power pulse
is determined by the time necessary for hydrodynamic ex-
pansion to a state where temperatures and densities are
insufficient forVSignificant enérgy proddction.

Conceptual design studies have been performed for
each of the above confinement schemes.“” A general com-
parison of the burn characteristics and neutron wall load-

ing is shown in Table 1 and it reveals the relative time



scales over which the systems operate. Comparisons of
different inertial confinement schemes will be made in

later sections.

TABLE 1

PULSED FUSION SOURCE CHARACTERISTICS FROM
TYPICAL FUSION REACTOR DESIGNS

(2) Theta(s) (4)
Tokamak Pinch Laser

Thermonuclear -11 -10
Burn Time (sec) 1800 0.07 10 - 10
Thermonuclear : '
Energy/pulse (GJ) 7300 30 0.10
Wall area (m?) 1300 1100 310
14 Mev Fluence ,
/pulse (n/cm?) 2x10%7 g.9x10%* 1.1x10%3
Peak wall s
current (n/cm?-sec) 1.1x10%% 1.1x10%6 1.0x10%1
Time Between
Burns (sec) 100 10 .01

Average 14 Mev
Neutron Wall Loading
(MW/m?) : 2.5 2.0 - 2.5
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The dynamic response of a first wall to pulsed radia-
tion sources can only be significantly different from the
steady state response if the duration of the loading pulse
is smaller or the same ofder as the response time of interest.
Consequently, the systems most likely to have a significant
dynamic response contribution will be the inertial confine-
ment approaches. The remainder of the discussion will
address the phenomenolcgy associated with these systems.

In inertial confinement systems oniy_about 75% of the
thermonuclear energy is released from the source in the
form of high energy neutrons. The remainder of the energy
will be distributed between the pellet debris, the reaction
products, and attendant electromagnetic radiation. In
addition, a portion of the energy from the compression
source can be redirected towards the walls. As a result
reflected laser light, scattered electrons, and ions can
also contribute to the environment which a first wall en-
counters. This partitioning of eﬁergy between various

form is discussed in Section V.1.

I.4 Pulsed Radiation Damage

Traditionally, radiation damage has been associated

with those phenomena which arise from neutron irradiation

7 ¢to 1070

of materials at low (10~ DPA/sec) displacement
rate which are in a uniform stress and temperature state.

Such conditions are encountered in a fission reactor and
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in a pseudo stéadf'étate"quion reactor. The primary re-
sponses to such irradiation are displacement damage and
transmutation reaﬁtibns. These primary interactions lead
to the subsequent phénomena as outlined in Figure 1 of
sputtering, sweiling, electrical resistivity changes,
embrittlement, creep and compositional change.

Some of the phenomena are considered to be rate de-
pendent and such dependence is usually characterized by the
displacement rate or the’rate of primary interaction. To
a first apprdkimation the dispiacement rate is proportional
to the instantaneous flux in a material; however, the
neutron spectrum can cause significant modification to the
displacement rate {as measured by surviving defects)
especially as more energetic neutrons are present. A
qualitative comparison of displacement rates for metals for
various environments in which displacement damage has been
observed or is anticipated is given by Table 2.6’7

The effect of'these various damage rates on specific
phenomena such as swelling has recently been investigated.8
Significantly different responses are observed; for example,
there is a significant shift in the swelling vs. temperature
behavior as the displacement rate is increased for the same
total number of displacements. | |

An aspect of damage production which is mdre pertin-

ent to inertial confinement systems is the pulsed nature of
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TABLE 2

COMPARISON OF INSTANTANEOUS DISPLACEMENT RATES IN
SOLID COMPONENTS OF -NUCLEAR SYSTEMS

dpa/sec
Tokamak Fusion First Wall 3 x 1077
Thermal Fission cladding 1077
Fast Fission-cladding 107°
o-pinch# 3 x 107°
HV Electron Microscope 1073
Heavy Ion Bombardment 107%-107t
Laser Fusion First Wall* 1-10

*Neutrons only.

the radiation. Damage is produced at very high rates for
a short interval of time followed by a quiescent phase in
which the material is free to respond with no driving
source. Both the duration of the pulse and the interval
between pulses can be of the same order as the life times
of the interstitials and vacancies whose migration ulti-
mately determines the swelling of an irradiated material.
In addition, the defect migration is occurring during a
period in which the temperature is oscillating with the
frequency of the radiation pulses. A comparison of inter-

stitial and vacancy life times with the pulse durations
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and pulse intervals for various temperatures in a typical
metal (Cu) is shown in Figure 3. From this comparison it
can be noted that neutron pulse durations are on the order
of the interstitial lifetimes while subsequent pulses
occur on the order of the vacancy lifetimes. 1In addition
fluctuations in temperature have a slight effect on inter-
stitial response and a significant effect on vacancy re-
sponse. This effect is directly attributable to a factor
of 20 difference in free energy of migration9 between the
two species.

The effect of short pulses of high displacement rates
on swelling is currently being investigated by Ghoniem10
under conditions of constant temperature and stress. That
study is indicating that significant modification to swell-

8 sec)

ing behavior can be expected if pulses are short (10
and pulse intervals are on the order of 10.l seconds at

high temperatures. The emphasis of the investigation
proposed in this paper will be to establish the transient
temperature and stress conditions associated with the damage
pulses and to estimate the effect on the swelling response

due to the synergism of the effects. This relationship is

shown schematically in Figure 4.
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1.5 Pulsed Material Response

That portion of the energy of incident radiation
which is deposited as internal energy in the first wall
will give rise to both temperature and stress excursions.
The magnitude of the temperature excursion will depend on
the rate of energy deposition at a given location versus
the rate at which energy is lost by heat transfer from
that point. It will be shown in subsequent sections that
energy deposition from neutron and photon irradiation is
sufficiently fast so that it may be approximated by impulse
sources. On the other hand, significant heat con-
duction can take place over the long durations of ion
irradiation.

Stress transients can be induced in the first wall
due to either of two manifestations of the same basic
phenomena. The first is a thermoelastic response to the
deposition of energy. If the material is heated faster
than its characteristic thermal expansion time, local
stresses will develop which are then relieved as stress
waves propagate throughout the material. The second is
the creation of stress waves in response to an ablation
of the surface due to energy deposition in excess of that
required for incipient vaporization. This material will

"blow off" and there will be an impulse imparted to the
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remaining solid surface equal to the momentum in the
ablated material.

Both the stress and thermal response to various types
of radiation can be determined from any of a number of

computer codesll’12

which can calculate the energy flow and
the hydrodynamic or elastic response of materials subject
to time dependent energy deposition or other boundary con-
ditions. These methods are not well suited to calculating
synergistic response of many radiation pulses nor are they
efficient in performing parameter studies for variation in
radiation spectra, for example.

This study will address the response of dry first
walls in which ablation is not a consideration and hence
stresses will be due to thermoelastic response only. The
emphasis will be on efficient (analytical, where possible)

solutions which can be performed for a large number of

radiation spectra with a minimum of calculational effort.



II. ANALYSIS METHODOLOGY

This analysis will address computational techniques
which will determine for a given pulsed thermonuclear
source the combined thermal, stress and displacement
damage response of a fusion reactor first wall. These
techniques should allow arbitrary specification of the source
spectra for neutron, ion, and photon radiation. Upon de-
termining these conditions as functions of position and
time, the implications upon subsequent phenomena which
will affect the usefulness of candidate materials can be
investigated with specific attention given to void swell-
ing. With a self consistent analytical technique, an
assessment of the sensitivity of first wall response to
source output spectra and material description can be
made. This process is displayed diagramatically in

Figure 5.

17
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III. PURPOSE AND UTILITY
In addition to performing a correlation between the
primary responses of a fusion first walls, the following
applications for the proposed analysis have been identi-

fied:

a) Assess performance of candidate fusion first

wall designs.

Various first walls, mirrors, insulators, or
liners can be examined to determine optimum choicés for
pulsed fusion reactor concepts which do not employ ablative
wall protection. In addition, allowable wall radii can be

specified by determining the maximum radiation fluences.

b) Assess effectiveness of wall protection schemes.

Protection schemes which stop or partially block
the source radiation can be evaluated in terms of reduc-
tion of first wall response. Potential schemes include
magnetic protection, liners, and gaseous layers.

c) Evaluate the effectiveness of simulation schemes.

Simulation schemes, which are proposed to test

materials prior to implementation of fusion reactors, can

19
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be evaluated in terms of the response provided relative to
the total synergistic response in an actual reactor ex-
posure. In addition, structural materials for simula-

tion devices can be evaluated.

d) Evaluate rate effects on specific phenomena.

Information on the transient temperature and
stress states in a wall material will allow specification
of the conditions which can enhance other effects such as

blistering or swelling.

e) Evaluate transient gas diffusjion histories.

The transport of injected gas (He, T, D) and

transmutation products (He, H, etc.) can be more accurately

determined since the transient conditions which influence

the diffusivity can be specified.

f) Evaluation of transients in magnetically confined

systems.

Rapid energy releases in normally steady state
devices such as plasma dumps in Tokamaks can be evaluated

in terms of effect on the first wall.



IV. BASIC PRINCIPLES

Before outlining the different responses to pulsed
irradiation, it is necessary to summarize the basic prin-
ciples of radiation interactions. In this’section the
absorption or attenuation parameters for photon, ion, and
neutron interaction will be examined. The response to

this energy deposition will be developed in section VI.

IV.1 Photon Interactions

The first walls of inertially confined fusion reac-
tors will encounter photon radiation which ranges from a
few electron volts to a few million electron volts. The
general relationship of these radiations to the electro-
magnetic spectrum 1is shown in Figure 6.

The primary interaction of photons with materials

in these energy ranges are:

photoelectric effect
coherent scattering
incoherent scattering

pair production

21
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Cross sections for each of these reactions have been

13-15 and are available for

tabulated in various forms
numerical calculations. A brief discussion of the material
and spectral dependence of the cross sections is, however,
appropriate before development of material response from

the radiation.

IV.1.1 Pair Production

At the high energy end of the spectrum pair produc-
tion will be the dominant contributor to the total cross
section. The pair production process is a photon-matter re-
action which occurs when the electric field of the photon
interacts with the electric field of an atomic nucleus.

The incident photon is destroyed and a positron - negatron
electron pair is created. Mathematically16 the theory is
similar to the bremsstrahlung process in which an electron
undergoes a transition in which an photon is emitted. 1In
pair production the photon is absorbed and an electron
undergoes a transition out of a negative energy state into

a positive energy state leaving a hole in the negative

state or a positron. The reaction necessarily has a thresh-
old energy of 2 moc2 (1.02 MeV),

The interaction rate is dependent on the nuclear
cross section and is therefore proportional to Z2 of the

absorbing material. Both the differential cross section

in relation to the energy shared by the position and the
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total cross section, obtained by integrating over all
positron energies, have analytic expressions16 and ac-
curate approximations.17 Since the process is a nuclear
interaction, the cross section is simply proportional to the
nuclei density and Z2 as above. A reasonable approxi-
mation (except for minor screening correction at high
energies) for the total cross section can be determined

as a function of a standard cross section for a material

such as lead as:16
- 0 207.2 Z+y2 Pb
1) Mpp T IT.35 — A (827 Mpp
where u = pair production attenuation

PP copefficient (cm-1)
p = material density (g/cm3)

A = atomic weight (amu)

™~
It

atomic number

Pb

and upp is given by Figure 7.

The energy absorbed is normally taken as the kinetic

energy of the electron-positron pair as:

2m ¢

2) WP =l - ——)

where ugp = pair production energy absorption
coefficient

m
"

photon energy
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However, the energy lost by the photon is not the
local energy deposition since both the electron and posi-

tron have finite ranges in solid materials.

IV.1.2 1Incoherent Scattering

At intermediate energies the principle photon inter-
action can be incoherent (or Compton) scattering. In this
process energy is given by an incident photon to an electron
and results in a scattered photon. The incoherent scatter-
ing cross section can be derived using quantum electro-
dynamics and is given by the Klein-Nishina formula for

unpolarized incident radiation as:16

X2 (1l-cos0)?

3) 1+X(1-cos0) ]

= = _g [1+X(1-COS@)]-3 [l+cos?0 +

units = cm?®/electron

%% = differential cross section,
(cm?/electron)
where X = E/moc2
r, = classical electron radius =
-13

2.818 x 10 cm
@ = scattering angle

E = photon incident energy
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This is the cross section for one electron and since
Compton scattering implies incoherent field superposition,
each electron adds independently. Thus for a given ma-
terial the above formula is multiplied by Z to get the
differential cross section per atom. Equation 3 can be
integrated to give the total cross section as in Evans(16)
in a form which is difficult to evaluate numerically. How-

18

ever, Biggs gives a useful approximation as:

2 2
4 Gint - 0.4006 %_[ 1+1.148+0.6141X ] cg
© 1+3.171X+0.9328X2+0.02572X? g

)

Both Equation 3 and 4 are for free electrons and must
be corrected for electron binding effects. These correc-
tions are made in reference 17 and will not be repeated
here since the effect is most important for low photon
energies where the incoherent cross section is a small con-
tribution to the total cross section.

The portion of the incident photon energy which is
deposited as kinetic energy of the electronscan be ex-
pressed in terms of an energy absorption cross section.

The energy absorption cross section may be derived from
Equation 3 by multiplying by the energy fraction given to
the electron and integrating over all angles. Again the
exact analytical expression is not convenient for numerical

approximation and Biggs18 proposes the following approxima-

tion:
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2 3
5) 01;n z [ X+0.825X%+0.0323X ]

= 0.4006 x
1+5.393X+5.212X%+0.878X%+0.01599X"

units = cm?/gm

As before,an alternate energy absorption cross sec-
tion can be derived which accounts for electron binding.
Commensurate approximation of these results are also avail-

able for efficient numerical evaluation.

Iv.1.3 Coherent Scattering

As the energy of the incident photon is reduced to
low enough frequencies where the momentum can be ignored,
Equation 3 approaches the classical formula for Thompson

scattering for isolated electrons as:19

6) ‘ o= = (1+cos?0)

If Equation 6 is integrated over all directions, the

total Thompson scattering cross section is obtained:

7) . = — T = .665 barns/electron

If Equation 6 is to be applied to a population of

electrons it is necessary to account for the coherent
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effect of all the particles. This approach gives an in-
tensity proportional to Z2 and is limited to small scat-
tering angles whose magnitudes are inversely proportional
to the incident photon energies. Consequently, when this
angular distribution and the effects of electron binding
are accounted for, the total coherent cross section falls
off with increasing energy.

Since coherent scattering is elastic,it does not re-
sult in any net loss of photon energy, and there is no

significant local deposition of energy.

IV.1.4 Photoelectric Effect

At low photon energies the total photon cross section
is dominated by the photoelectric cross section in which a
photon transfers all its energy to an electron in the
vicinity of a nucleus. The electron is emitted (Auger
electron) with the photon energy minus its binding energy.

A universal theoretical treatment does not exist for
the photoelectric effect, consequently empirical data are
used in determining cross section values. A convenient
form for fitting photoelectric cross sections has been

proposed by Biggs and Lighthill as:14

4
= 2
8) o. E Cjk e cm®/gm
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where a set of four parameters, cjk’ are used for
fitting the data within discrete energy intervals charac-
terized by the parameter j. It is necéssary to break the
spectrum into different intervals in order to properly
account for absorption edges.

The local energy absorption is usually determined by
discounting the energy associated with the K shell
fluorescence. This is essentially the same as deducting
the binding energy from the photon energy and it reduces
the total photoelectric cross section somewhat.

In general the photoelectric cross section shows a
very strong material and spectral dependence. Useful
approximations for these dependencies are given by Evans16
for energies away from absorption edges as:

3 to 4

9) he © (Z/E)

IV.1.5 Low Energy Photon Attenuation

Electromagnetic radiation in the near visible range
(e.g., from reflected laser light) cannot be adequately
described by the cross sections previously presented.
Hovingh20 has proposed a simple relation based on the
propagation of electromagnetic radiation in homogeneous,
isotropic, conducting media. This relation can be developed

from basic electrodynamic%l in the following manner:
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The combination of Maxwell's equations and the rela-
tion of current density to the electric field in a con-

ducting material,

10) J =0 E

yields the following relation for the electric vector:

11) v2E = Z09H 9o

where J = current density
0 = specific conductivity
E = electric vector
¢ = velocity of light
B = magnetic permeability

£ = dielectric constant

Taking a Fourier transform in time and space gives the com-

plex wave number as:

2
2 _ wiEu ; 41o
12) k = (1 + 1)
Since the electric vector goes as ei(kx'wt) and the .

energy goes as E2 , the imaginary part of the wave number,

multiplied by 2, gives the energy attenuation. Thus
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1/2
2
Ve T

13) k = 7 V éu -(é)-
for a conductor %%9 >> 1 and
14) o= 2k =J§M29 - 4nJ%%
o
where I = attenuation coefficient

w = frequency

A = wavelength

k = wave number, k" = imaginary part

The absorbed energy can be determined by determining

the reflectivity at the surface

15) R =

n = complex refractive
index

=1 - £
16) R=1 2 X

The absorptivity is then

17) o

[}
[
t

R

2 VYc/ox



33
If the assumption is made that the surface is a black
body & = 1 and by multiplying Equation 14 by Equation 17,
the attenuation coefficient can be found as

18) 5 = 81/\ em” L

This development is based on principles which are
derived for low frequency radiation and do not take into
account the numerous phenomena which should be considered
for photons with approximately 1 eV energy. Values from
this relation are nevertheless plotted with the other cross
sections in Figure 8 for comparison. Further investigation
is necessary to obtain realistic values for laser irradia-
tion. It is likely that only empirically determined values

will be available.

IV.1.6 Comparison of Cross Sections

A comprehensive tabulation of parameters to be used
in the previous equations have been made by Biggs.14 These
values have been examined for accuracy by comparing with
other cross section files such as ENDF/B and by Simmons

and Hubbellzz’zs'

An example of the cross section from
reference 14 for energies from 10 eV through 1 MeV 1s shown

in Figure 8. .
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A significant increase (factor of 10) of the photo-
electric cross section is noted at the K shell resonance
(284 eV for carbon). This effect will result in a marked
spectral sensitivity for first wall response and will be im-
portant for all materials. Figure 9, from data taken from
reference 24, shows how the absorption edges vary with
atomic number.

Determination of the energy deposited from a given
spectrum must account also for transport of any scattered
photons. Computational techniques are available to per-
form these calculations using the appropriate cross

25 and BUCKL26 in one dimen-

sections. These include ANISN
sion. If, however, the primary interaction is the photo-
electric effect, the scattering can be ignored and an
exponential deposition profile can be assumed. A reason-
able criterion for determining if a spectrum is in the
photoelectric region can be found from examination of
Figure 10 which displays the ratio of the photoelectric
cross section to the total cross section. As shown, the
photoelectric effect comprises 90% of the interactions
for photon energies up to 10 kev, 30 keV, 70 keV for
carbon, iron, and molybdenum respectively.

A summary of the qualitative material and spectral

dependence of the basic attenuation mechanisms is given in

Table 3.
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TABLE 3
MATERIAL AND SPECTRAL DEPENDENCE OF PHOTON CROSS SECTION

Photo- Pair
Electric Coherent Incoherent Production
Atomic
Number  z° to 4 72 Z 72
*
Energy (1/E)3 0 4 (1/E)l to 2 NSR E
*E > 10 keV NSR = no simple relationship
1.0 | ,
é—
~ 54— Z -
g; 2=26
o =
! ! | \ .
10-2 (o 100 10! 102 103 104

E, KeV

Fig. 10. Ratio of Photoelectric to Total Cross Section
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IV.2 1Ion Interaction

The slowing down of ions in materials is primarily
due to two processes: the interaction of the electric
fields of the ion with the electrons in the material
(inelastic) and the collision of the ion with nuclei
(elastic). The relative importance of these two phenomena
is dependent upon the instantaneous energy of the ion and
the energy loss associated with each can be determined if
appropriate interaction potentials can be specified. For
particles other than electrons, any radiation losses such
as bremsstrahlung or Cerenkov can be neglected if the

energies do not exceed 10 MeV.

IV.2.1 Electronic Energy Loss

The interaction of a charged particle with the elec-
trons in a material is usually divided into three energy
regimes: (i) a high energy regime in which the velocity
of the particle greatly exceeds the velocities of the
orbital electrons, (ii) an intermediate energy regime in
which these velocities are on the same order, and (iii) a
low energy regime in which the velocity of the particle is
much smaller than the orbital velocities of the electrons.

The first region was investigated years ago by Bohr}6

27 27

Bethe, Bloch and Fermi.19 The most commonly accepted
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formula is that by Bethe-Bloch which is a quantum mechani-
cal derivation of the original classical result by Bohr.
The Bethe-Bloch formula for non-relativistic velocities

is given as:

2 4 2
dE ) 4lee NZ0 Zmov
19) = E}"(‘ = 2 ln I
e m. v
o
where Z; = particle charge

e = electron charge

N = atom density

Z_ = material atomic number
m_ = electron mass

v = particle velocity

I = mean ionization potential

The parameter I is a representation of the lower limit
over which energy can be transferred in a coulomb collision

and is given approximately by16

20) I

12 Z (eV)

In practice, I becomes an empirically adjusted factor for
each target material. Numerous modifications have been
proposed to Equation 19 but in general its energy depen-

dence is reasonably accurate.
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The most general treatment of fast particles in mat-
ter is given by the Fermi formula15 which accounts for the
modification of the electric field of the particle by the
dielectric characteristics of the material. This formula
will not be repeated here since it is most applicable at
very high energies (E > 5Mc?, where M is the particle
mass). Implicit in all the above models is total stripping
of all electrons from the incident ion.

At low energies the particles tend to retain all
their electrons and can be modeled by treatments developed

8 (LSS) and Firsov.z-9 In these models the

by Lindhard2
energy loss is attributed to the electron flux between
colliding atoms and is consequently proportional to the
particle velocity. The Lindhard model for electronic

losses is normally presented in non-dimensional form as:

21) %—%=kal/2
where ¢ = E/EL
p = r/RL
0.0793 zf/s z%/z (1+4)3/2
k =

(25/3 . 23/3)3/4 M%/Z
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where Zle particle charge

~
[¢)]
[}

target charge

2
A = ratio of target mass to particle mass
M2 = target mass (amu)
and 2
YN
_ [1+A 172
EL = [A.] 7y (ergs)
2
(1+A)
R (cm)
L 4anNa?

a = 0.4683 (zi/3 . zg/s)'l/2 x 1078 (cm)

N = target atom density (a/cms)

In a more practical form

22) dE _
I ° CE

1
2

k (E;/1.602 x 107%)"

where C = 7 (keV%/um)

Equations 21 or 22 are normally considered applicable
for particle velocities below the orbital velocity of the
target electrons. Assuming a Thomas-Fermi atomic model

this maximum energy becomes:
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- 4/3
23) Eyax = 25 My Z, (keV)

where M; = particle mass (amu)

A tabulation of EL, RL’ k, C, and EMAX

Table 4 for deuterons, tritons, alpha particles and self

is given in

ions interacting with most common metallic elements.

The intermediate energy regime between the upper limit
of LSS theory and the Bethe-Bloch theory has no basic theo-
retical treatment at present. This region is characterized
by a partially ionized particle. As a result, modifications
to the effect charge and the interaction with outer shell
electrons are sometimes incorporated into the Bethe-Bloch
model which in its standard form (Eqn. 19) predicts a greater
stopping power than observed experimentally.

A comprehensive semiphenomenological model has been

proposed by Brice30

which can predict the electronic stop-
ping for all three energy regimes. This model is based on a
modification of the Firsov method by giving a quantum
mechanical treatment of the electron flux between adjacent
interacting particles in terms of bound state wave functions.
When this formalism is used with a hydrogenic 1s wave func-
tion a general relationship is determined which depends on

only three adjustable parameters which can be determined

from experiments. One parameter is necessary for the low
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TABLE 4 (a)
LINDHARD PARAMETERS
DEUTERIUM
(B = 50 keV)
Target Z2 M2 P EL RL K
1
(amu) (gm/cm?®) (keV) (em) (keV?:/um)
BE 4 9.0 1.8 .282 .007 .263 20.20
B 5 10.8 2.3 .361 .008 311 22.64
c 6 12.0 2.2 447 011 .345 20.57
MG 12 24.3 1.7 .998 .074 .667 8.95
AL 13 26.9 2.6 1.09 .061 .736 12.67
SI 14 28.0 2.3 1.20 .079 767 10.63
TI 22 47.9 4.5 2.09 .145 1.29 12.87
Vv 23 50.9 6.1 2.21 125 1.37 16.37
CR 24 51.9 7.1 2.34 .113 1.40 18.97
MN 25 54.9 7.4 2.46 .125 1.48 18.63
FE 26 55.8 7.8 2.59 .124 1.50 19.50
Co 27 59.9 8.9 2.70 .129 1.61 20.62
NI 28 58.7 8.9 2.84 .127 1.58 21.13
CU 29 63.5 8.9 2.97 .150 1.71 19.71
ZN 30 65.3 7.1 3.10 .203 1.76 15.30
GA 31 69.7 5.9 3.23 .283 1.87 11.92
GE 32 72.5 5.3 3.36 .347 1.95 10.34
ZR 40 91.2 6.5 4.47 .506 2.45 10.29
NB 41 92.9 8.5 4.62 .405 2.50 13.29
MO 42 95.9 10.2 4.76 .367 2.58 15.37
AG 47 107.8 10.5 5.51 .482 2.91 14.16
CD 48 112.4 8.6 5.66 .643 3.03 11.21
IN 49 114.8 7.3 5.81 .804 3.09 9.29
SN 50 118.6 7.3 5.96 .869 3.20 9.00
SB 51 121.7 6.6 6.12 1.0 3.25 8.04
HF 72 178.4 13.2 9.58 1.3 4,82 11.13
TA 73 180.9 16.6 9.75 1.1 4,89 13.72
W 74 183.8 19.3 9.92 .9 4,97 15.71
RE 75 186.2 21.0 10.1 .9 5.03 16.91
PT 78 195.0 21.4 10.6 1.0 5.28 16.50
AU 79 196.9 19.3 10.8 1.1 5.33 14.73
HG 80 200.5 13.5 10.9 1.7 5.43 10.15
PB 82 207.1 11.3 11.3 2.2 5.61 8.24
BI 83 208.9 9.7 11.5 2.7 5.66 7.02
U 92 238.0 18.9 13.1 1.9 6.45 12.05
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TABLE 4(b)
LINDHARD PARAMETERS
TRITIUM
(EMAX = 75 keV)
Target 22 M2 P EL RL K
1
(amu) (g/cm®)  (keV)  (um) (keV?/um)
BE 4 9.0 1.8 .308 .006 .164 16.50
B 5 10.8 2.3 .390 .006 .190 18.50
C 6 12.0 2.2 .479 .009 .209 16.81
MG 12 24.3 1.7 1.0 .054 .385 7.31
AL 13 26.9 2.6 1.1 .043 423 10.36
SI 14 28.0 2.3 1.2 .056 L4490 8.68
TI 22 47.9 4.5 2.1 101 726 10.52
A 23 50.9 6.1 2.2 .086 .770 13.38
CR 24 51.9 7.1 2.3 .078 787 15.50
MN 25 54.9 7.4 2.5 .086 .829 15.22
FE 26 55.8 7.8 2.6 .086 .844 15.93
Co 27 59.9 8.9 2.7 .089 .903 16.85
NI 28 58.7 8.9 2.8 .087 .887 17.26
CU 29 63.5 8.9 3.0 .103 .956 16.11
ZN 30 65.3 7.1 3.1 .140 .984 12.50
GA 31 69.7 5.9 3.2 .194 1.04 9.76
GE 32 72.5 5.3 3.4 .238 1.08 8.45
ZR 40 91.2 4.5 4.5 .345 1.36 8.41
NB 41 92.9 8.5 4.6 276 1.38 10.86
MO 42 95.9 10.2 4.8 .250 1.43 12.56
AG 47 107.8 10.5 5.5 .328 1.61 11.57
CD 48 112.4 8.6 5.7 437 1.67 9.16
IN 49 114.8 7.3 5.8 .546 1.71 7.59
SN 50 118.6 7.3 6.0 .590 1.76 7.35
SB 51 121.7 6.6 6.1 .686 1.81 6.57
HF 72 178.4 13.2 9.6 .907 2.65 9.09
TA 73 180.9 16.6 9.8 .752 2.69 11.21
W 74 183.8 19.3 9.9 673 2.73 12.84
RE 75 186.2 21.0 10.1 .639 2.77 13.82
PT 78 195.0 21.4 10.6 .704  2.90 13.49
AU 79 196.9 19.3 10.8 .803 2.93 12.04
HG 80 200.5 13.5 11.0 1.1 2.98 8.29
PB 82 207.1 11.3 11.4 1.5 3.08 6.73
BI 83 208.9 9.7 11.5 1.8 3.11 5.74
U 92 238.0 18.9 13.2 1.3 3.54 9.84
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TABLE 4 (c)
LINDHARD PARAMETERS
: He
(Bypy = 250 keV)
Target 22 M2 o) EL RL K g
(amu) (g/cm®)  (keV)  (um) (keV?/um)
BE 4 9.0 1.8 720 .006  .170 25.52
B 5 10.8 2.3 .895  .006  .197 29.25
C 6 12.0 2.2 1.0 .008  .217 27.04
MG 12 24.3 1.7 2.2 047  .394 12.45
AL 13 26.9 2.6 2.4 .038  .432 17.74
ST 14 28.0 2.3 2.6 .049 450 14.95
TI 22 47.9 4.5 4.5 .084  .740 18.62
% 23 50.9 6.1 4.7 072 .784 23.74
CR 24 51.9 7.1 5.0 .065  .801 27.56
MN 25  54.9 7.4 5.2 .071  .845 27.13
FE 26 55.8 7.8 5.5 .071  .860 28.45
co 27 59.9 8.9 5.7 .073  .919 30.14
NI 28 58.7 8.9 6.0 .072  .904 30.94
CU 29 63.5 8.9 6.2 .085  .974 28.92
ZN 30 65.3 7.1 6.5 114 1.00 22.48
GA 31 69.7 5.9 6.8 159 1.06 17.54
GE 32 72.5 5.3 7.0 194 1.10 15.25
ZR 40  91.2 6.5 9.3 278 1.39 15.31
NB 41  92.9 8.5 9.6 222 1.41 19.79
MO 42 95.9  10.2 9.9 201 1.46 22.92
AG 47 107.8  10.5 11.4 262 1.64 21.21
CD 48 112.4 8.6 11.7 349 1.71 16.81
IN 49 114.8 7.3 12.0 .435 1.74 13.93
SN 50 118.6 7.3 12.3 .470 1.80 13.51
SB 51 121.7 6.6 12.6 546 1.85 12.08
HF 72 178.4  13.2 19.6 .713 2.71 16.90
TA 73 180.9  16.6 20.0 .591 2.75 20.85
W 74 183.8 19.3 20.3 529 2.79 23.88
RE 75 186.2  21.0 20.7 .502 2.83 25.71
PT 78 195.0 21.4 21.8 552 2.97 25.12
AU 79 196.9 19.3 22.1 629 2.99 22.43
HG 80 200.5 13.5 22.5 .937 3.05 15.46
PB 82 207.1 11.3 23.2 1.2 3.15 12.56
BI 83 208.9 9.7 23.6 1.4 3.18 10.71
U 92 238.0 18.9 26.9 1.0 3.62 18.42
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TABLE 4 (d)
LINDHARD PARAMETERS
SELF ION
Target Z2 M2 ol EL RL K F EMAX
(amu) (g/cm®)  (keV)  (um) (keV:/um)  (MeV)
BE 4 9.0 1.8 2.2 .006 112 28.09 1.43
B S 10.8 2.3 3.7 .007 .119 35.12 2.31
C 6 12.0 2.2 5.6 .008 .127 35.83 3.27
MG 12 24.3 1.7 28.6 .035 .142 21.49 16.7
AL 13 26.9 2.6 34.5 .027  .142 31.32 20.6
SI 14 -28.0 2.3 41.0 .034 .146 27.76 23.7
TI 22 47.9 4.5 117.9 .040 .151 41.15 73.8
v 23 50.9 6.1 130.8 032 .151 53.19 83.3
CR 24 51.9 7.1 144.5 .029 .154 63.78 90.0
MN 25 54.9 7.4 158.9 .030 .154 63.65 100.
FE 26 55.8 7.8 174.1 .030 .157 68.89 108.
(40] 27 59.9 8.9 190.2 .029 .155 73.20 121.
NI 28 58.7 8.9 207.0 .029 .160 78.79 125.
CU 29 63.5 8.9 224.7 .032 .158 73.37 142.
ZN 30 65.3 7.1 243 .2 .043 ,159 58.22 152.
GA 31 69.7 5.9 262.5 .056 .158 45,49 170.
GE 32 72.5 5.3 282.7 .066 .158 40.04 184.
ZR 49 91.2 6.5 475.9 .079 /163 45.24 312.
NB 41 92.9 8.5 504.1 .062 .165 56.45 328.
MO 42 95.9 10.2 533.2 .055 .165 69.49 350.
AG 47 107.8 10.5 693.3 .064 .167 68.28 457 .
CD 48 112.4 8.6 728.2 .083 .166 54.20 490.
IN 49 114.8 7.3 764.1 .101 167 45.44 515.
SN 50 118.6 7.3 801.0 .106 .166 44 .27 547.
SB S1 121.7 6.6 838.9 .121 .166 39.91 576.
HF 72 178.4 13.2 1875.6 .112 173 66.79 1340,
TA 73 180.9 16.6 1937.0 .092 173 83.05 1380.
W 74 183.8 19.3 1989.5 .081 .173 95.79 1430.
RE 75 186.2 21.0 2063.1 .076 174 103.98 1470.
PT 78 195.0 21.4 2260.8 L0890 .174 103.57 1630.
AU 79 196.9 19.3 2329.0 .090 .175 93,33 1670.
HG 80 200.5 13.5 2398.4 .133 .175 64 .61 1730.
PB 82 207.1 11.3 2540.6 .166 175 53.08 1850.
BI 83 208.9 9.7 2613.5 197 .176 45.64 1890.
U 92 238.0 18.9 3323.1 .123 .176 82.31 2470.
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energy regime and the other two are used for extension to
higher energies.

The result of this model is given31 by the following

formulae:
24) S(E) = N (Zl+22) Se(u) f(u) (eV/cm)
where S(E) = electronic stopping power

E = particle energy (keV)

Zl = particle atomic number

Z2 = target atomic number

N = target atomic density (a/cms)
and

, |
25) S (u) = A (ﬁ% (20U 33urZl) 4 (10usl) arc tan (u%))

3(1+u)
A = 0.60961 x 101> eV-cm®/atom
u = B/(c? MiE)
where Ml = particle mass (amu)
E1 = 100 keV
*z = adjustable parameter

and

. 2 n/2 ,-1

26) f(u) = [ 1+ (4¢%a
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*
o
]}

adjustable parameter

*
=]
(]

adjustable parameter

The three adjustable parameters can be determined
from sources of reliable experimental data or semi-empirical
values determined from data in each of the three energy
regimes. A tabulation of a significant number of calcula-
tions for various ions and targets has been compiled in
reference 31. In this case parameters were determined from

32 for the ions and the tabulated stopping

33

Ziegler and Chu
powers of Northcliffe and Schilling. The former repre-
sents a tabulation of a least squares fit to a large
number of published experimental results and an interpola-
tion to other materials by correlating with theoretical
models for the Z dependence of stopping power. The latter
is based on determining relative stopping cross sections for
other materials and comparing witﬁ a set of particular known
cross sections (aluminum in this case).

An example of electronic energy loss from the pre-
viously discussed models is shown in Figure 11. The LSS
model is seen to predict large stopping powers (about 45%
high) in the low energy region. The Bethe-Bloch model (BB)
is normalized to the experimental points by adjusting I to
20 ev and shows a gross divergence at low energies. The
Brice model, however, gives a reasonable fit over the en-

tire spectrum.



DE/ DX (keV/micron)

600

500

400

300

200

100

49

LINDHARD

! |

BETHE-BLOCH—///\\

| T l I |

Figure 11

STOPPING POWER
HELIUM IN CARBON

! | L l |

0]

1000

2000 3000 4000
ENERGY (keV)



50

IV.2.2 Nuclear Energy Loss

Elastic collisions of a moving particle with the
nuclei will be a competing process for reducing the kinetic
energy of the particle. The rate of interaction will be
determined by the nuclear cross section. Theoretical values
for nuclear cross sections are determined by the inter-
atomic potential chosen between the nuclei and the particle.

The most widely accepted model is the nuclear elas-
tic cross section derived by Lindhard?® in which a rela-
tively simple analytic expression is derived using a shielded
Coulomb interaction with a Thomas-Fermi atomic model. The

differential cross section is given by:31

27) do (E,T) = ma’ £(t) dt/t?

where E = particle energy
T = kinetic energy of the struck atom
after the collision
a = screening parameter given by:
2/3 2/3,1/2
.8853 ao/(Z1 + 2507
a, = Bohr radius
£(t) = is a tabulated scattering function
(ref. 31)
t = E/E_ /T/T
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2
and E leze (m + mz)/am2
4 mlmZE
maximum energy transferable = —
(mg+m,)

3
1]

The total elastic cross section is obtained by
integrating Equation 27 over all possible energy transfers.
The average energy lost per collision can also be obtained
and an expression derived for the energy loss per unit
path length. An approximation put in the same non-
dimensional form as the electron loss is given by Oen and

Robinson34 as:

28) (%%) = é% {In[u + (1+u2)1/2] - u (1+u2)-l/2 }
n
where ¢ = E/EL , p = X/XL as before
u = (2k)1/3 €4/9
A = 1.309

A qualitative measure of the relative roles of elec-
tronic loss versus elastic or nuclear loss can be seen in
Figure 12 which is taken from data in reference 31 for :
helium into a carbon target. Obviously the nuclear energy
loss is very low over the range of energies listed and, as
a general rule, the electronic loss will dominate down to
"A" keV where A is the particle mass in amu. Thus for high

energy particles the nuclear energy deposition is negligible since
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a 400 keV alpha particle would dissipate 80% of its energy

before the nuclear contribution was .1% of the electronic.

IOOO T 1 - ] 1 l T

800 |— —
dE 600 — —
dx E

o
dx/N 400 ~
200 | —

1 [ 1 I ! ! |
100 200 300 400

E, KeV

Fig. 12. A comparison of electron and nuclear
energy loss for helium in carbon. (Data from Reference 31)
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IV.3 Neutron Interactions

The primary interaction rates in first walls to the
current of neutrons from a pulsed fusion source will be
determined by the corresponding neutron cross sections of
the material. Each possible reaction will deposit some
local energy and produce products such as neutrons, charged
particles, or photons. A discussion of the theory of all
possible cross sections would be inappropriate here, but
a brief discussion of the amplitudes of the reaction rates
will be informative.

The local heating due to neutrons can be determined
from the neutron flux and knowledge of an energy dependent
Kerma* factor. Recent work by Abdou, et al.,35 have de-
termined such Kerma factors for most potential fusion
materials. These have been used to establish heating rates
in magnetic confinement fusion reactors.36 An example of
this work for low Z -elements is shown in Figure 13.
Carbon is typical of a nuclide in which the elastic scat-
tering is the primary interaction up through the MeV
region making the Kerma factor almost proportional to the

energy. A rough estimate of the volumetric heating rate

from source neutrons can be made by simply multiplying the

*KERMA = Kinetic Energy Released in Materials.
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14 MeV Kerma factor by the integrated neutron wall current

for a laser fusion pulse (Table 1).

2 23 -19
29) 4 x 100 &¥b y qp724 em  1.1x10 8 1.6x10 7J
a b 3 eV
cm
X 1013 _12_ = .7 J/Cm3
cm

This small deposition of energy represents a temper-
ature increase of about .2°C/pulse and thus represents an
insignificant perturbation to the pulse heating. This
energy will however contribute to the net operating temper-
ature of a first wall.

A proper analysis of the neutron heating can only
be done by performing a neutron transport calculation for
the entire reactor blanket. Determination of the neutron
and gamma flux in the first wall multiplied by the pre-
viously discussed KERMA factor will yield the total heating.
Calculations of this kind have been performed with the
ANISN code37 for simple spherical blankets and the total
heating was found to be about a factor of 2 higher than
the simple example above.

The total number of atomic displacements occurring

during each pulse can also be estimated in a similar

fashion. The displacement cross section for stainless
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steel is approximately 2220 barns38 assuming an effective
displacement energy of 40 ev. The number of displacements

13

from a source current of 1.7 x 10 n/cm2 would be

8 37,39

3.8 x 10" ° dpa. A comparison with time dependent ANISN
again shows this is about 50% of the total displacements
per pulse.

Similar estimates can also be made for gas production
and other transmutation reactions. Interaction rate re-
actions which have threshold energies of a few MeV can be
accurately estimated by the above simple procedure since

the source current is the primary contribution to the high

energy portion of the neutron spectrum.



V. BACKGROUND AND PRECEDENT WORK

V.1l Inertial Confinement Reactor Designs

Fusion by inertial confinement has received a con-
siderable amount of attention in recent years and several
groups have proposed reactor concepts using this approach.
Although the details of each system vary, certain basic
principles are noted in all designs.4o’41

In each of these systems fuel pellets will be in-
jected into a reactor cavity and a short duration (<10 ns)
pulse of energy will be deposited in the periphery of this
pellet.by: (i) multiple laser beams, (ii) a focused
relativistic electron béam, or (iii) a heavy ion beam.
Response to this energy deposition in the pellet will be
an outward ablation of the surface and an inward compres-
sion of the fuel core. When densities and temperatures in
the core are sufficiently high, a short duration thermo-
nuclear energy pulse (<1 ns) will occur and proceed until
the pellet disassembles. The thermonuclear radiation and
the pellet products are then blasted out towards the walls
of the cavity. A recent review of the technology to
achieve fusion conditions by laser implosion is given by

Brueckner in reference 42,
56
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The response of the first wall to this radiation
will be determined by the energy partitioning between
these products and several different first wall designs
have been proposed to safely withstand these irradiations.
One of the earliest laser fusion designs was pro-

posed by Williams, et al.,43

in which a 1 MJ laser ignited
a pellet which produced 100 MJ. A possible first wall con-
sisted of a layer of liquid lithium covering a niobium
structure. The function of the liquid lithium is to

absorb the ion and photon energy from the microexplosion
and ablate, leaving the first wall undamaged. An alternate
design for protecting the first wall is magnetic protec-
tion as outlined by Frank,44 et al., which serves to divert
the charged particles away from the first wall. An example
of the energy partitioning from the pellet explosion for
these designs is given in Table 5.

Another design was proposed by Hovingh, et al.45
which utilized a smaller yield pellet (7 MJ) and lower
power laser (.1 MJ). This approach was used to suppress
the ablation of a wetted wall by improved pellet design,
increased first wall area (through pyramidal first wall
topography and increased wall radius), and by reducing the
blast energy. Elimination of the ablation eliminated the

"blow-off" stress imparted to the first wall in previous

designs. Information was also contained in this
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TABLE 5
TYPICAL ENERGY RELEASE SPECTRA FOR A 99 MJ
PELLET MICROEXPLOSION
(Ref. 44)
Release Particles Average Energy
Fraction Per Pulse Per Particle
X-rays 0.01 4 keV peak
a particles
(that escape 19
plasma) 0.07 2.2x10 2 MeV
Plasma kinetic
Energy 0.15
o Particles 1.3x10%° 0.6 MeV
Deutrons 1.2x1020 0.3 MeV
Tritons 1.2x10%° 0.4 MeV
Neutrons 0.77 3.3x10%° 14.1 MeV
3 0 I 10’8 1
T 102 /'\ :
: ; ; 3
g 10 . 3 5
: / \ 3 ]
3 ‘ z 3
E / | p :
g ! 7 ]
z 10 l 3 )
£ 1072 : : 3
E 1073 z 10”:__ -
@ £ '
R-I L
5 10 : ]3\- TR L
2 w020 0 0 102 a0° 07 5 o015
Photon energy — keV Neutron energy — MeV
Fig. 14, X-ray Pulse Spec- Fig. 15. Neutron Pulse
trum of a Megajoule DT Spectrum of a Megajoule
Fusion Microexplosion. DT Fusion Microexplo-

(Ref. 45) sion. ( Ref. 45)
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reference about the typical photon and neutron spectra
from a 1 MJ DT fusion microexplosion. These spectra are
presented in Figures 14 and 15.

A more recent study by Maniscalco46 describes a low
yield laser fusion reactor which employs a fissile C(hy-
brid) blanket to get energy and fuel multiplication.' This
concept employs a graphite liner over a stainless steel
first wall. The total pellet yield is 10.5 MJ with a
laser input to the pellet of 500 KJ.

The first wall response to the microexplosion for
this hybrid reactor is described by Hovingh.20 In addition
to x-rays, alphas, neutrons, and pellet debris this analy-
sis considers the laser light which is reflected from the
pellet and strikes the first wall. The arrival times for
the energy from the pellet and hence the energy deposition

time in the first wall is given in Figure 16.

An alternate approach to inertial confinement fusion
would utilize relativistic electron beams (REB). Some de-
sign considerations for a reactor using REB's is outlined

47

by Varnado and Carlson. Pellets for REB fusion are

typically larger and more structured than in laser fusion48
due to the difficulty in slowing down 1 MeV electrons in
short distances. As a result the output spectra are ex-
pected to be significantly different. The most significant

difference is the large percentage of the energy in X-rays.

These x-rays are also quite low in energy which results in
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Fig. 16. Time of Arrival of Microexplosion Energy
at First Wall Radius of 3.5 m. (Ref. 20)

an extremely short deposition depth. The x-ray spectrum
for a 85 MJ microexplosion in a REB fusion system was
calculated to be approximately equivalent to a 350 eV
blackbody which has peak intensity ét 980 eV. A compari-
son of the relative energy partitioning for all the systems
discussed above is given in Table 6.

In all the above references, the response of the
first wall to ion irradiation and photon irradiation was

evaluated using computer codes such as Chart-Dll

26

and
BUCKL The latter is used to calculate the energy depo-
sition from photons while the former takes the time depen-
dent energy deposition and determines the vaporization,

temperature, and stress wave generation. In all the above
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studies, however, the synergistic effects of energy de-
posited from different sources was not investigated20 nor
was a comparison of the displacement damage or subsequent
mechanisms. A comparison of the methods used in the above
references and the methods proposed in this study will be

made in Section VI.



VI. RESPONSE OF MATERIALS TO PULSED IRRADIATION

In this section general models will be developed for
the thermal, stress, and displacement response of materials
to the radiation spectra discussed in the previous section.
Assumptions will be made about the characteristic spectra
of an arbitrary pellet and analytical methods to obtain
solutions for the response of materials to these spectra

will be developed.

VI.1 Spectra and Wall Loading

Specific spectra for certain pellets were discussed
in the previous section. These spectra are dependent on
the details of the energy source - pellet-fusion inter-
action and can only be described in detail by sophisticated

46 which will not be discussed

computer codes such as LASNEX
here. However, the response of a first wall can be deter-
mined if the photons, ions, and neutrons are characterized
by common spectral forms. The wall loading of various
particles for a given spectrum can then be found by deter-
mining the spectral dependence of the energy deposition
and an assumption about propagation of energy from the

source to the first wall.

63
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VI.1.1 Photon Spectra

An often used spectrum for low energy photons is
the "Blackbody' . or Plankian spectrum49 which is used when
radiation emission is characterized by the temperature of
the emitter. A 1 keV blackbody spectrum with a total
fluence of 1 Joule/cm2 is depicted in Figure 17 and is

given in practical units by the relation:

B { u’ 2
30) S(E) = ET'( i (J/keV-cm™)
e -1
where U = E/kT
kT = characteristic energy, (keV)

B =15 F/n°

F = total fluence (J/cmz)

Although the limits on the spectra are 0 and =,
integration from . 1 KT to 10 KT yields 99% of the total
fluence.

In a medium with a frequency-independent dielectric
constant the propagation of all energies will be at the
same velocity. As a result the wall loading from source
photons will occuf at the same time % after creation.

The temporal shape of the source will be the temporal shape
of the loading pulse. Thus the photon wall loading rate is
independent of the spectrum. The production time quoted

for D-T pellets is usually around 10 psec.50
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VI.1.2 Ion Spectra

The true ion spectra from a fusion source can again
only be determined by a complicated calculation, however,

20,40,

pellet debris calculations indicate that reasonable

characterization can be made with either a Maxwellian or
Gaussian distribution. A Maxwellian is characterized by a
mean energy Em and can be represented in the practical

form:

E
31) S(E) = ()7 e (1/keV)

where Em characteristic energy
E = ion energy (keV)
N = total number of ions or ions/cm2
if F is to be a fluence
The Gaussian distribution is useful when a spectrum
of a specific width is required. Two parameters are neces-
sary to describe the distribution as:

1 E-Em 2
32) S(E) = N 7 ) (1/keV)

\/ZTr g

mean energy (keV)

where E
m

o standard deviation (keV)
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Both spectra range from 0 to = but practical limits
of Em/8 to 4 Em yield 91% of the total fluence in a
Maxwellian distribution; similarly, a range of £ 20 yields
95% of the total for a Gaussian distribution.

If the ion production time is short compared to the
transit time to the first wall, the entire ion distribution
may be assumed to be created as an impulse function in time
at a single point in space. The time duration of the load-
ing of the first wall will be determined by the time for
each species to arrive. This assumption is only valid for
a collisionless plasma which does not have significant self
encounters or encounters with gas species which reside in
the chamber. If significant collisions occur with chamber
gas atoms, a spherical blast wave can be generated44 and
hence a loading pulse applied to the first wall.

In the collisionless case, the loading function for
the first wall may be derived for a given wall radius if
the spectrum at t = 0 and r = 0 is specified. This can
be done by transforming the distribution from energy to

time as:
33) S(E) dE = -F(t) dt

34) t = B/E? (sec)
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where B 2284 x 107 ° r'VK

[}

T wall radius (meters)

A = jion mass (amu)

thus

2£3/2 1 -2

35) F(t) = S(E) 5 (sec = cm )

The incident energy arrival rate is given by

36) W(t) = F(t) 1.6 x 10720 E  (I/sec -cn?)

where E =keV
and the pressure due to the momentum of the particles is

7.29 x 1077

5 s 2
A? E* F(t) (dynes/cm™) or

(10-6 bars)

37) P(t)

Equation 35 also represents the temporal distribu-
tion of the energy deposition at any point in the material.
This is true because the slowing down time for an ion is
on the order of 10 1% seconds®! while the time duration
of the ion pulse is on the order of 10'6 seconds. (A
100 kev Alpha particle has a velocity of 2 x 108 cm/sec

and slows down in approximately 10-4 cm hence

AT = 10_4/108.) Equation 36 is mnot very useful
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since it represents the energy which crosses the inner
boundary of the first wall and the spatial distribution of
the deposition must be specified to obtain a true loading
rate. Equation 37 has meaning only if the particles are

stopped within the first wall.

VI.1.3 Neutron Spectra

In the past, neutron production from the fusion pel-
let has been erroneously characterized as a monoenergetic
14.1 MeV neutron source. Reference to Figure 15 indicates
that the spectrum has finite width for the thermonuclear
neutrons.

This broadening of the neutron spectrum is a natural
consequence of the motion of the fusing nuclei. These
nuclei have both a directed and thermal velocity. Each
velocity component will alter the energy partitioning be-
tween the fusion products. The energy of the emitted
neutron is a function of these velocities in a center of
mass frame between two colliding nuclei and of the angle of
emission of the neutron, which is usually assumed isotropic
in D + T plasmas. Combination of these effects will give
a considerable spread to the neutron spectrum of a fusing
source.

This effect has been calculated by LessorSz for

stationary plasmas which might be typical of Tokamaks or
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Mirrors and an example of a spectrum for a 100 keV plasma
is shown in Figure 18.

A similar calculation has been performed for a
fusing pellet by Shuy,s3 accounting for both thermal and
directed motion. The spectrum from this calculation is
shown in Figure 19. Both these calculations show broaden-
ing of about * 1MeV, which is in reasonable agreement with
Figure 15. In addition these spectra can be approximated
by a Gaussian pulse (Eqn. 3Z) as previously described.

An important aspect of this spectral broadening is
that the temporal loading of the first wall is not deter-
mined by the source duration. Instead the pulse duration
is determined by the transit time broadening as calculated
by Eqn. 35 which accounts for the variation in arrival
times for different energies. This effect will determine

the interaction rates for neutrons in the first wall.
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VI.1.4 Summary of Wall Loadings

The photons, neutrons, and ions can be approximated
as all created instantaneously with spectra given by the
previous generalizations. The wall fluxes from these
sources can then be calculated from the relations developed
above. An example of the wall loadings for the following

three general sources at a radius of 5 meters is given in

Figure 20:
Fluence/Pulse
Spectrum Particles Energy
Photons -- 500 eV 15 5 5
Blackbody 1 x 1077 /cm .3 J/cm
Neutrons -- 14 MeV =z 1 MeV 13 2 7
(Gaussian) 10 n/cm 22.4J/cm
Alphas -- 200 keV 13 5 )
(Maxwellian) 10 a/cm .48 J/cm

These spectra are representative of three individual
radiation types which are used to demonstrate the response
of materials. They do not represent a complete set of
radiation types of spectra from an inertially confined

fusion microexplosion.
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VI.2 Energy Deposition

The energy deposited in a material can be calculated
from the appropriate relation for energy loss for each
radiation type. Photons are exponentially attenuated with
absorption coefficients given in Section IV, source neutrons
as in Equation 29 and ions by Equation 24. The temporal
distribution is determined by Equation 35 upon specifica-
tion of a spectrum.

The heating rate from the three reference radiation
distributions in graphite can be determined from the appro-
priate energy deposition rate and is displayed in Figure
2l1. The greatest heating rate is given by the photons
which are assumed to be deposited over a period of 1 ns.
The correct deposition time would be a combination of the
source time and the electron slowing down time, but the
latter was not considered here.

The data in Figure 21 can be deceptive since it
represents the power into the material. A more meaningful
comparison would be the total deposited energy or the time
integral of the power curves. These data are shown in
Figure 22. 1In this case the maximum energy deposited is
due to the alpha particles.

The response of the material to these radiations is

a function of the amplitude and the rate of the deposition,



76

st 777777
S Ve
1 P
222/ /S /S S\
S SSANS
T /) /N \
Um\ e\m\ H\M/ ........ N R
2N\ O\ A\ \
NN

NANANANAY ANAN
AN

NAVAVANAVANAY



77

re 22

g

DEPOSITED ENERGY
IN CARBON

ADIUS = 5 meters)

\(F\’

RN
Y
L
>

log E, J/em3

AT




78
since it is necessary to account for energy which is trans-

ferred away from the deposition.

V1.3 Thermal Response

The temperature history associated with the deposi-
tion of energy from the various radiation sources discussed
in the previous sections can be determined by numerous
calculational methods. The emphasis in this study will be
a parametric analysis and thus closed form solutions will
be developed for thermal response of single phase materials
with constant material properties. More refined calcula-
tions are readily done via numerical methods which can
account for melting, vaporization, and non-linear material
properties. An attempt to include these effects will be
made when possible.

The temperature excursion from neutron radiation has
been shown to be insignificant in pulsed fusion environ-
ments hence we only need to develop models for photon and

ion deposition.

VI.3.1 Response to Photon Irradiation

If the energy deposition from photons can be de-
scribed by exponential attenuation (as in the case of
photoelectric absorption), it is sufficient to develop a
response model for monoenergetic radiation which can then

be applied to arbitrary spectra by superposition.
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The prompt temperature excursion following a pulse
of electromagnetic radiation can be determined easily if
the pulse time is shorter tHan the thermal response time
of the irradiated material. If this condition is met, the
initial temperature transient can be calculated from an
adiabatic model. It is therefore instructive to examine
the photon pulse durations which will satisfy these condi-

tions.

VI.3.1.1 Adiabatic Response

An estimate of the thermal response time can be made
from examination of the case of monoenergetic photon ab-

sorption in which the energy deposition is given by

38) q = uF_ e

where q = energy/unit volume

Fo

incident intensity, energy/unit area

If the energy were deposited instantaneously, the
material would respond adiabatically and the resulting

temperature change profile would be of the form
39) T(x) = T, e "¥

where TO = 9
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A conservative estimate of the thermal response time
can be made examining the heat conduction equation54
oT

40) kv?T + ¢ = oC =%

Since the first term in Equation 40 represents the
power lost (or gained) by a volume element, the maximum
rate of energy transfer by conduction can be estimated from

the temperature gradient derived from Equation 39:

3T (o) . -u(o) _ _
41) 3% uTo e = uTo
3
2 u°F
(42) 3°T (o) _ LET = 0
3x 2 0 pC

A comparison of the first and second terms in Equa-
tion 40 can then be made for depositions over finite time

t , in which

43) § = == e "%

hence the rates of terms 1 and 2 in Equation 40 become equal,

at x = 0, when

2 2
44) kVv:T _ ku®At
4 oe
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or the deposition time in which the maximum conduction loss

rate is equivalent to the energy deposition rate is

- e -1
where o = thermal diffusivity, cmz/sec
u = absorption coefficient, cm !

Typical data for graphite and copper are given in Table 7.

TABLE 7
- 3 cal cal -1
At(sec) p(gm/cm ) C(m— k(m) u(cm @lkeV)
C 4x10”7 2.3 4 1 5000
cu 1.07x10°10 .9 .092 .85 95000

Conservative choices would be to chose values of At
a factor of 10 lower than those shown in Table 7. Thus for
pulse times of 10 psec, the response of graphite to 1 keV
photons is very nearly adiabatic; whereas, for more strongly
absorbing materials like Cu, the adiabatic assumption prob-
ably overestimates the temperature.

Using this adiabatic assumption, the temperature ex-
cursions from each photon pulse in an inertially confined

fusion environment can be found using Equation 39 upon
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specification of the source spectrum and the photon cross
sections. An example of these peak temperatures is shown
in Figure 23. The maximum front surface temperature and
the maximum temperature at a penetration distance of 1 um
are given as a function of Blackbody temperature. A
spatial profile of temperature at various positions within
the material is shown in Figure 24 for Blackbody tempera-

tures of .4, .5, .6 keV.
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VI.3.1.2 Total Response to Photon Radiation

In addition to the peak temperature it is necessary
to determine a complete temperature history at any point in
the irradiated material. In the following development a
general model will be given for a pulse train of photon
irradiations. The impulse response will first be deter-
mined for a single pulse and then generalized to many pulses
and finally related to photon pulses of finite duration.

The energy deposition can be assumed to be given by

46) q(t,x) = 8(t) q(x) = §(t) q e **

From consideration of the adiabatic response the

temperature in a finite slab of width L «can be formulated

as
ey o 1 3T
47) VT = 5 3T
subject to
9% -ux s ‘s
T(x,0) = £(x) = 5C e [initial condition due to

adiabatic response]
oT _ .
X (0,t) =0 (insulated face)

T(L,t) =0 (constant rear surface temperature)



86

By separation of variables or transform methods, the solu-

tion to the above problem can be shown to be55

2
B_© L

- X - 2
48) T(x,t) = ;E% cos Bn Xe™ f-fo f(x) cos Bn x/L dx

-

_ (2n-1
where Bn = C—f——)n
o = ot
L2

Upon substituting for £(x) and integrating the result is:

© -B_?%0
49) T (x,t) _ 2 2: co n [ b ]
——7—4—— = s B ze _—
o/ PC N=1 n b2+B2

1-¢7P {cos B_ - EE-sinB )]
n b n

where b = L z = x/L

This is the response to a single photon pulse; a
series of pulses as shown in Figure 25 can be accommodated

by applying Laplace transform techniques to Equation 47.
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Fig. 25. Energy Depositibn From Photon Pulse Train

The temporal behavior of the loading function is

thus given by

M-1
50) q(t) = 3 8(t-n ) = 6(t) + &(t-w) + ---
n=0 w
- where M = number of pulses which have occurred
w = time between pulses

which has a transform of
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51) V(s) = 1 + e ¥S + e 2US 4 ..

The transfer function for the system is the trans-

form of Equation 49, which is

= B ‘
52) H(s) = ag:lcos an s+é‘a [bZEBZ ] [1-e b(coan-T?sianﬂ
= n n
L

The response to a series of M pulses is then found by
multiplying Equations 51 and 52 and finding the inverse

transform as

2 2
o B o _.-B vM
53) TI(X’t)= 2 2, cos an e’ I l—f;jﬁ}—— [ —7£L7r—]
0 n=1 l-e °n Y b +Bn

1-¢7 P (cos B -Bn sin B_)
/ n b n

- (@n-Dnr _ aw
where Bn —— Y = 17
= _ ad
b = ulL @-i'—z'
9
T, = = ¢ = fraction of pulse
p -
interval

oo = thermal dif-
fusivity
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This solution can be generalized to pulses of finite
duration by convolution or reapplying transforms and this
analysis will give a result identical to a variation of

parameters analysis by Abdel-Khalik.56

For short photon
mean free paths an analysis based on an infinite half space
solution would also be convenient and could be evaluated
without the detriment of evaluating an infinite series.

An interesting result from the application of Equa-
tion 53 is the shape of the temperature profile in a materi-
al just before a photon pulse due to the response of a large
number of precedent pulses. Figure 26 shows such a pre-
pulse profile for a .5 keV Blackbody of 1 J/cm2 on a
graphite slab 1 cm thick. The spacing between pulses
was 1/15 seconds. The small variation in front to back
surface temperatures (10°C) is to be contrasted to the
prompt temperature excursion of 1000°C under the same ir-
radiation conditions.

A treatment similar to the derivation of Equation

53 can be applied to a slab cooled by convection which re-

sults in a similar expansion with different eigenvalues as:

B2g
n

T(x,t) n -
54) = N 2 2 - cos B z e
TO =1 Bn+51n Bn cos Bn n

-B2yM ) B
l-e n b [1-e b (cos B_--2 sin B )

-B2y b2+ B2 n b n
l-e ™n n

]
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where Bn are the roots of cot Bn =

V.3.2 Thermal Response to Ion Sources

As previously discussed, energetic charged particles
have different energy loss mechanisms than photons. Con-
sequently, different models are necessary to predict the
thermal response. In this section two models will be shown:
one partially developed by previous investigator560 but
further developed by this study and one developed completely
during this study.

The response to the deposition of chargedAparticle
energy has been determined by various investigators.
Behrisch57 used a model based on energy flux continuity at
the irradiated surface (this model is also used for electro-
magnetic radiation by Readyss). Frank, et al.59 used a
model baséd on uniform spatial and temporal deposition taken

20,61 used the same

from calculations by Axford.60 Hovingh
deposition assumption, but evaluated the temperature

numerically with the Chart-D code.

VI.3.2.1 Uniform Deposition Model

The work of Frank, et al., considered the response
of an infinite half space subject to an energy deposition
shown in Figure 27. The solution was only given for the

resulting surface temperature as a function of time. The
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response at any position and time was derived as part of

this study.

0o

Fig. 27. Uniform Energy Deposition Model

A summary of that derivation follows.

given by:
55) q(x,t) = F 11 where F
§ K
S
K

The response to an impulse function in

The deposition 1is

incident

energy

unit area

= deposition region

= deposition duration

time can be determined



93

from the equations

56) kv2T=-g-}:l§
AT (0,8) _
aX
T(x,0)=<—s—§f 0 < x < &
T (x,0) = 0 § < x < w

-

This result can be found by integrating the Green's

functionssvfor a half space over the deposition interval as:

57) T(x,t) = 3-1;—5%— [erf ( j:/zt) + erf %]

Another integral over the finite duration of the pulse

yields:
T(x,t) _14.2 2y ) (al>
%) ety K{al[F((t-b)%‘ &
2 2, ) | (az)]}
+ a F —}- F
2[ ((t-b)/z 2
where a1 = 8-x a2 = 8*X
28 24
v
-erf(v) - erf(v)

F(v) = i
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a = thermal diffusivity b =K, t>K
p = density b=1t, t <K
C = specific heat

The maximum surface temperature can be determined
from Equation 47 at X =0 and t =K as

F 2 2u -u2
59) T(0,K) = 35C [erf(u) - 2u” erfc(u) + — e

YT
where u = §/2 vaoK

This result is identical to that of Axford and
Prank?9’60 The response predicted by this model for a
deposition of energy into the first um of a material over

duration of 10 ns and 100 ns is shown in Figure Z28.



DIMENSIONLESS

-
F/8pc

1.0

Figure 28

THERMAL RESPONSE TO
UNIFORM DEPOSITION PROFILE

Q= .2_4cm2/sec

3 =10"cm

K = 108sec e

K =107sec = ===
[Ons (max)

2 -4
X, «m (10"cm)

95



96

VI.3.2.2 General Model for Low Energy Ions

The previous model (Equation 57) is not suitable
for parametric study of ion deposition of arbitrary spectra
because it does not adequately account for the energy loss
mechanisms. Equation 57 can, hoWever, be applied to
arbitrary deposition profiles via superposition techniques.

This deficiency in current models has also led to
thé development of a new model which would incorporate the
appropriate slowing down models and allow for realistic
spectra and pulse shaping. This model is currently applic-
able to the low velocity region for charged particles where
the energy loss can be expressed with a modified Lindhard

model in the following form:
E
60) E-cm®
The average spatial distribution for a particle of energy

El can be expressed by the transforming from energy to

position by

E
1
X .é T/ax dE
1
which yields
2 E 4
dE :
o1 E -5 o)
o) o
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The volumetric energy deposition rate can be deter-
mined if Equation 61 is combined with the energy arrival
density of Equation 35 for a spectrum of particles which
undergo collisionless transport to the deposition surface.

Thus (letting E, = E)

1

1
3/2 2 2BE *

2E CB XC
62) q_(x,t) = S(E) —E— [‘-%— - T]’ X < —tc-o—

Ef t 0
(o]

2BE *?
= ( , X > TO_

where the range on t is

Emin’ Emax = limits of spectrum

The general solution for temperature at position X
and time t 1in a semi-finite solid with insulated boundary
at X = 0 can be expressed in terms of the Green's func-

tion as
63) T(x,t) =/; ./;c gix—Tu G(x,t,x',t') dx' dt'

where
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(x-x' 2 (x+x')
64) G(x,t,x',t') = ———%Q-ZT; [ fa(t-t j da(t-t 5]
2\ma (t-

The most useful form of the solution is to insert
equations 62 and 64 into 63 and carry out the integral
over the spatial dimension leaving the time dimension for
numerical integration so that arbitrary spectra can be

accommodated. If this is done the general solution is:

t

65) oCT(x,t) = f ™3k £(e) { Qu(x',£,%) + Qp(t,,%)
t ..
min

N Qs(t',t,x)} dt
where

Ay
Qu(t',t,x) = 7+ [erf (£,) + erf (FZ)-]

Q,(t',t,x) = A, %[erf (F,) - erf (F)) - 2 erf(Fo)]

2 2 2
‘/ i -F -F -F
Qs(t't,x) = A2 ;%éﬁ_ﬁll [e 2, e L 2e O]
T
X~ X Xq*X

°  2\a(t-t') 1 2\/_0L(t th) 2 ettt
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2
- 5 CB e
Xp = 2BE_%/t'C Al—E,/2 =
[o]
(o]
tmin - B/\/‘Emin tmin - B/\/Emax
- 1 -
B = 2284 x 10" ) R A K=1.6 x 10716

with units

E = keV

0

C = keV/cm

A = particle mass, amu

R = wall radius, meters

@ = thermal diffusivity, cmz/sec
oCT = J/Cm3

This analysis can be applied to any interaction in
which Equation 60 is valid. This method has been applied
to alpha particles bombarding carbon and tantalum with slow-
ing down parameter (C,Eo) determined from calculations by
Brice rather than using a formal Lindhard model. Reference
to Figure 11 indicates the model is applicable for alpha
particles up through about 600 keV. Extension to all energy
ranges will be performed in subsequent studies.

Results of this calculation are shown in Figure 29
and 30. In Figure 30, the energy density profile is shown

for various times for 1013 alpha particle/cm2 with a 200 keV
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Maxwellian spectrum bombarding graphite at a radius of 7.1
meters. This calculation was done to analyze the response
of magnetically diverted ions in the University of Wiscon-
sin Laser Fusion Reactor Design.62 The maximum energy
density occurs at 2,12 usec and is about 1/5 of the value
obtained if no energy is lost during the pulse via conduc-
tion. Hence the adiabatic assumption 1is inappropriate in
jon bombardment analyses. Figure 30 shows the front sur-
face temperature as a function of time for various thermal
diffusivities (conductivities). This analysis shows the
sensitivity of the response to material properties (thermal
conductivity) and again demonstrates the disparity between
allowing reasonable heat conduction and the adiabatic
(o« = 0) value.

This analysis is sufficiently general to include
arbitrary spectra for particles described by the model, wall
radii, and material properties. In addition, it requires
a minimal amount of computer time and can therefore be used

for parameter studies.
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VI.4 Stress Response

Stresses will be produced in irradiated first walls
by the momentum of the bombarding particles, the ablation
of the exposed surface, and the thermoelastic response to
the deposited energy.

The first of these effects is normally a negligible
factor. An estimate of the magnitude of these stresses
can be made by applying Equation 37 with the peak particle
fluxes given in Figure 20. The pressures corresponding to

these data are

neutrons v 8 x 108 dynes/cm2 = 8 atmospheres (max)

ions v 1.5 x 104 = .015 atmospheres

The value for the neutrons is deceptive since only
about 10% of the 14 MeV neutrons will have collisions in
the first cm and each collision would represent only a few
percent reduction in the momentum of the neutron, hence the

real value 1s several orders of magnitude less than the above.

High energy o particles, however, will contribute higher

stress values. For example, 1013 /cm2

of 3 MeV alphas
deposited over 10 ns will yield about 8 atmospheres of nor-
mal stress on the first wall.

The stress developed due to ablation can be readily

Calculated with general material response numerical codes

and will not be discussed here.
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The third stress source, the thermoelastic response,
can be estimated with methods of linear elasticity and
thus is analytically tractable. The ability to develop
solutions for a wide variety of energy depositions makes
these methods interesting for parametric analyses.

The generation of thermoelastic stress waves is due
to a thermodynamic requirement for a local expansion which
occurs in a time which is short compared with the time for
the material to relax.

The defining relations of thermally developed stress
waves can be developed as follows:

In an isotropic material, the stress tensor is given
as:

66 L= A ..o+ R .
) 013 euu 613 2 Gel BS C]

oE
1-2v

[}

where B8 = (32 + 2G)a

>
[7p]
]

Lame's constants
E = Young's modulus
v = Poisson's Ratio
o = thermal coefficient of linear expansion
L= 1 = + +
e1J strain tensor, euu €11 €57 ez3

@ =T - TO where T_ = reference temperature
in stressed state

In the case of uniaxial strain, this relation yields
the axial stress in terms of the axial strain and tempera-

ture as:
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o = xe + 2Ge - B O
or
67) o = (K + 4/3G)e - 30K 6 where K = Bulk modulus
_ E
K= sy
e = strain = sy
9X
The equation of motion in one dimension is
2
68) | 00 _ 0 Ju

Equations 67 and 68 can be combined to give the

stress wave equation

3%0 _ 1.3%c _ 3aK 3%@

69)
3x2  C a¢2 c? at?

where ¢ dilational wave speed

O
[}

2= (K + 4/3G)/p

The temperature is given by a combination of the

heat conduction equation and the energy equation as:

Lo %)

= o9 o€
70) k — = poc 55+ T8 3%

Equations 69 and 70 are coupled equations which express

the relation between temperature and stress in a uniaxial
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strain system. These equations have been treated by many
investigators. Most applications treat them in an "un-
coupléd” manner in which the last term in Equation 70 is
ignored. This term represents the work done per unit
volume by dilatational forces and is usually small in
comparison with energy transfer by conduction.

A solution for step and ramp function temperature
boundary-conditions on an infinite half space was developed
by Sternberg and Chakravorty o4 while a complete coupled
solution for exponentially increasing surface temperature
was presented by Daimaruya and Naito.65 White 66
treated a variety of surface temperature conditions.

For energy deposition into the material, Morland67‘
developed a solution for electromagnetic radiation in a
semi-infinite solid. This model was later extended to

68

viscoelastic materials with Hegemier. A specific appli-

cation for laser irradiation was treated by Penner and
Sharma.69
In the latter three papers the solutions were developed
on the assumption that the propagation of stress waves
occurs in times which are much shorter than the times for
temperature relaxation. The creation of thermoelastic
stress can only occur if the energy is deposited in times

which are short compared with the time for a stress wave

to transit the deposition region. Since wave velocities
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are on the order of 105 cm/sec, this corresponds to pulse
durations which are less than

td < %/c

or

t, < 10 ° sec

for deposition over 10 um intervals.

The amplitude of the stress generated by an in-
stantaneous deposition can be determined from Equation 66
with the condition that e.. = 0. In this case, for

1]
uniaxial strain

- - _aE
91 T B9, B = 12y
for graphite70
o =8x10°°%1 En~2x10% psi=1.38 x 1020 N/m?
v = .12
therefore

s/ = 21 psi/°c, .15 MN/m°/ °cC

For the photon, radiation deposited into graphite as
shown in Figure 23, an intensity of 1J/cm2 of .5 keV Black-

body radiation will yield a stress of 150 MN/m2 (21000 psi).
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This value is the initial compressive stress before the
stress wave motion occurs. The amplitude of the rare-
faction wave which develops as the wave propagates into
the material is about 1/Z2 of this value.

These stress waves will be attenuated as they
propagate into the material but they may be of sufficient
magnitude to cause surface spallation or failure by produc-
ing fatigue crack growth.71

In this study a general formulation will be made
based on the extension of the models discussed above to
deposition profiles typical of photon and ion radiations
and to deposition times characteristic of the source

spectra with transit time broadening.

VI.5 Displacement Response

The radiation damage in a pulsed fusion first wall
will be due to neutron and ion bombardment. The displace-
ment rate from neutrons will be determined by the duration
of the primary and back scattered neutron fluxes. The
neutron damage, like the energy deposition, will also be
uniformly distributed through the first wall, at least on
a macroscopic scale. As discussed earlier approximately
50%-70% of the displacements will be due to the source
neutrons.

The damage production by the ions will be limited to

the first few microns near the exposed surface. The
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spatial extent of the damage will be determined by the
amount of energy lost by the ion which is attributable to
nuclear collisions at any location. The temporal behavior
of the damage production will be determined by particle
flux (Figure 20) at the surface since the slowing down
time will normally be insignificant (10-12 seconds) .

The amount of displacement damage by ions can be
determined at any location in the material at which the

energy of the ion is known by72

. AE.
58) D(x) = F(x) j 1 o(E,,E) v(E) dE
i Ey

where Fi local ion flux at position x
Ed = effective displacement energy
AEi = maximum PKA energy

g = cross section for transfer of energy
E to PKA from ion of energy Ei

v(E)

number of displaced atoms from PKA
of energy E

The local displacement rate can be estimated by
assuming suitable cross sections in Equation 58 and inte-
grating. The spatial distribution of damage however re-
quires knowledge of the energy at a given location. Conse-
quently, the transport equations for the ions must be solved
with proper partitioning of nuclear and electronic energy

losses and with consideration of the statistical variation in
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the particle's energy and hence penetration. This calcula-

tion of range and energy partitioning is done by the

numerical techniques of Winterbon,73 4

75

Brice, or Manning
and Mueller.
The deposition of bombarding species is also deter-
mined by these methods since the expected value of the
range parallel and normal to the ion's original path and
the spatial moments are calculated.76’77’78
In this study a wide variation of incident ion
energies must be evaluated if arbitrary pellet spectra are
to be addressed. In addition, efficient calculations of
both damage and ion implantation must be performed so that
a comparison with thermal and stress response can be made
without incurring excessive calculational costs. Conse-
quently, approximations will be made to the solutions men-
tioned above in a manner similar to the energy deposition
calculations discussed earlier. These approximations will

then be used to determine the response for the ion spectra

to be considered.

VI.6 Synergistic Response

The combination of the time and space dependent temp-
erature, stress, and displacement responses which a material
will exhibit in an inertially confined fusion reactor en-

vironment creates a multifold interaction problem. Some of
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the phenomena which will be influenced by the combination
of these parameters include:

Void Swelling - both nucleation and growth of voids
due the neutron and ion damage production

Creep - due to the equilibrium operating stresses

Fatigue - due to the cyclic loading of the pulsed
system

Blistering - due to the agglomeration of gas bubbles
near the irradiated surface

Sputtering - due to ejection of near surface atoms
by bombarding radiation fluxes

Embrittlement - due to gas migration to grain
boundaries and hardening of the atomic matrix
due to dislocation build up.

Investigation of any of these phenomena will be pos-
sible after development of a general model for temperature,

stress, and damage.

VI.6.1 Effect on Void Growth

The growth of voids in metals is typically modeled
by methods similar to those employed in homogeneous chemical
kinetics. These analyses are normally referred to as 'rate

79

theory". This method was originally applied to quasi-

steady state phenomena but is now being extended to include
the transient effects of pulsed damage.60
The analysis consists of writing a set of rate equa-

tions for the vacancy and interstitial concentrations as:
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dC

Efl = Production - recombination - leakage to sinks
dCV

T Production - recombination - leakage to sinks

where production includes radiation produced and
thermally emitted.

Certain sinks like dislocations preferentially at-
tract interstitials allowing the excess vacancies to migrate
to neutral sites such as voids. The net swelling can be
determined by the flux of vacancies to voids as given in

the rate of change of void radius as:

dR _ Q o 2vyQ
3T SR DBy (G, - Cexp (rer) ! DiC; 3
where R = void radius
8 = atomic volume
DV = vacancy diffusivity
CV = yvacancy concentration
(] - . . -
CV = equilibrium vacancy concentration
Di = interstitial diffusivity
Ci = interstitial concentration
Yy = surface energy

This equation is evaluated in conjunction with the
rate equations for vacancy and interstitial concentrations

with appropriate inclusion of sink and source strengths.
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The temperature dependence of void growth is pri-
marily due to the sensitivity of the diffusion coefficients
and the equilibrium vacancy concentration. At low irradia-
tion temperatures the vacancies are immobile and cannot
aggregate before considerable recombination takes place,
thus yielding low swelling. At high temperatures the
equilibrium concentration of Vacancieé overwhelms those
which are radiation produced and the voids are forced to
dissolve via thermal emission. Consequently a peak swell-
ing temperature occurs in which conditions are optimum for
void growth. An example of this temperature dependence
taken from reference 79 is shown in Figure 31. This peak
temperature is predicted to increase with increasing damage
rate by the rate theory model and this prediction is veri-

fied by experiments comparing reactor irradiation with ion

8
bombardment.
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The temperature dependence discussed above cannot
be compared directly with the temperature environment in a
pulsed fusion first wall. The conditions for these analy-
ses were constant temperatures and constant damage rate.
In the pulsed environment there will be periods of high
damage and constant temperature followed by periods of no
damage and high temperature. In the latter case the ther-
mal emission of vacancies from the voids during the period
between irradiétiohs (pulse annealing) can substantially
reduce the void size before the defects from the subsequent
damage pulse arrive at the void.

The previous temperature dependence 1is based on the
assumption of a stress free material with no gas generation.
The stress dependence of swelling can be seen if the void

79

growth relationship by Brailsford and Bullough is written

as.
R = R F(n) + fze

. > 1s the void growth rate without re-

where: R . : R
combination and thermal emission

F(n) is a factor containing the homo-
geneous reccmbination

R_is the void shrinkage term which
contains the effect of thermal
emission
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The presence of an internal gas pressure and finite
stress affects only the thermal emission term, - ée , which
becomes significant at temperatures greater than the peak
swelling temperature. Gas pressure and stress will affect

the equilibrium concentration of vacancies and Re ‘can be

written:72
° .2 2y
. D + I
R = VCV 2 ZV Pd (o P R)
e
A T
RkT (vad + 47mRN)
where ZV = combinatorial number for vacancies
oq = dislocation density
g = mean stress, + = tension, - = compression

p = gas pressure

N = void density

This factor, ée , 1s normally negative when %;’>c + P,
which results in void shrinkage; however, when o + p > %%
stress enhanced void growth occurs. Thus at high tempera-
tures, stress (or large amounts of helium which would in-
crease p) can cause significant modification to the swelling

behavior. Examples of this stress dependence are shown in

Figure 32 and 33.
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In a pulsed fusion environment the stress field in

the first wall will be 'short in duration and alternate

between compression and tension. Combination of these stress
excursions with a dynamic rate'thedry model can be used to
assess the effect of the thermoelastic stresses on void
swelling. L

An example of fhe*synthesi$ 6f a general model for
the temperature, stress and displacement conditions with
a dynamic rate theory formulation is given in figure 34.
The analysis sequence which would be followed is outlined
and, in addition, the numerical techniques which are
currently available for a detailed calculation of certain
elements of the total analysis are listed. A self consistent
analysis would consist of a général model incorporating
the more pertinent aspects of each of these techniques.
Specific comparisons between approximate analytical solution
and specific numerical methods can be made to evaluate
the validity of any phase of the calculation.

VI.6.2 Other Significant Effects

Numerous other effects due to the transient dis-
placement, stress and temperature fields can be addressed.
All possible combinations will not be considered in this
study. An example of the more interesting phenomena is
the implantation and diffusion of direct inje¢ted gas 1ions

and transmutation gases.
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Another is the interaction of pulse heating and
stress waves on the defect structure in a material. This
phenomena has seen some investigation in recent times.

82

Smidt and Met:z bombarded thin foils with a short pulse

laser and found abnormally hlgh concentratlons of vacancies

in nickel and vanadlum These vacancles condensed into
voids in the nickel and faulted loops in vanadium. Analyses
reveal that the vacaneieg ceuld not be attributed entirely
to quenching but perhaps to-stress wave interactions.

In another related study, VIuss83 observed high dis-
location loop den51t1es 1n molybdenum Wthh had been
explosively loaded to a few hundred kilobars. Analysis
revealed thaiwtheiioops,were primarily vacancy-type.

The ejection of micrometer-sized particles from the
surface of a neutron irradiated material has been investi-
gated by Guinan.84 He concluded that shock waves ahd
transient thermal stresses produced in near surface dis-
placement cascades may be respdhéible for the emission of
such particles.

These and other phenomena could lead to numerous
investigations‘of various interactions based on the

response conditions derived from this study.
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summary

This document has summarized the basic phenomena
associated with transient irradiation of matérials by
thefmohuclear'sburces. The mechanisms for nuclear and
electronic interaction by tharged particles, neutrons and
photbhs are reviewed. Methods for determining the corres-
ponding responses for temperature, stress and displacement
damage are outlined.

Data were presented for the interactions and
subsequent response of carbon for a wide range of photon
and ion interactions. Further work will be to extend the
investigation to other materials such asvstainless steel,
niobium, molybdenum, etc., and to exteﬁd the Tesponse models
to all particle and photon spectra of interest.

~ These preliminary assessments have revealed that a
complex interdependence exists between the radiation damage
and the transient damage production and the transient
temperature and stress state in a material. In addition,
all’effects will show a strong spatial dependence. The
coupling of these term and space dependent phenomena
will likely yield significant effects in materials on
both a microstructural and macroscopic level. Future efforts

will be devoted to quantification of these effects.
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