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MODELING THE IRTERACTION OF HIGH POWER ION OR
ELECTRON BEAMS WITH SOLID TARGET MATERTALS

A. M. Hassanein

Fusion Power Program
9700 South Cass Avenue
Argonne, Illinois 60439

ABSTRACT

Intense energy deposition on first wall materials and other
components as a result of plasma disruptions in magnetic fusicn
devices are expected to cause melting and vaporization of these
materials. The exact amount of vaporization losses and melt layer
thickness are very important to fusion reactor design and lifetime.
Experiments using ion or electron beams to simulate the disruption
effects have different environments than the actual disruption condi-
tions in fusion reactors. A model has been developed to accurately
simulate the beam—target interactions so that the results from such
experiments can be meaningful and useful to reactor design. This
model includes a two dimensional solution of the heat conduction
equation with moving boundaries, It is found that the vaporization
and melting of the sample strongly depends on the characteristics of
the beam spatial distribution, beam diameter, and on the power-time

variation of the beam.



1. INTRODUCTION

Intense energy fluxes on the plasma chamber wall, limiters, or divertor
plates, and other components will be encountered in magnetic fusion devices.
Of particular concern is the plasma dump following a hard disruption. The
energy deposited on part of the first wall during the plasma disruption in
fusion devices could exceed 300 MJ and the deposition time 1s estimated to be
between 1 ms and 100 ms. As a result, the power flux may reach values up to
1000 kW/cm? or more. Increasing attention is being given to the possible
effects of this intense, short pulse heat loads on materials and the resulting
melting and vaporization and the influence of these processes on fusion reac-
tor design and its lifetime. Considerable progress has been made in the theo-
retical modeling of plasma disruption and the description of the melt layer
formation and the vaporization losses expected during a disruption in fusion
reactors.l»2 However, in the past, experimental work to directly simulate
disruption melting and vaporization for energy densities and deposition times
expected in fusion reactors has been lacking. Recently an Electron Beam Sur-
face Heating Facility (ESURF) has been initiated to study plasma disruption
thermal effects.] Measurement of melting zone thicknesses and vaporization
losses for energy densities up to 1200 J/cm? and disruption times varies from
1 ms to 100 ms for different candidate materials is currently underway.4
Another study uses a pulsed electron beam with 35 keV accelerating voltage to
simulate disruption events which focus on the microstructural and chemical
changes induced 1in ‘stainless steel in the vicinity of the threshold for melt
layer formation.? A third study is planning to use an ion beam to simulate

high heat flux and disruption effects on material surfaces.5

For these experiments to be meaningful and for the results to be useful
to real reactor design, an accurate theoretical simulation of the beam-target
interactions 1s needed. The lack of such models has forced experimentalists
to impose certain conditions on their experiments to avoid effects resulting
from lateral heat conduction and beam spatial distribution. Some of these
conditions are to use larger beam diameters or smaller samples. Larger beam
diameters tend to result in fluctuations in the beam power density which cause

instabilities and conseqﬁently appreclable lateral motion within the molten
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layer giving inaccurate estimations of the melting and vaporization losses.
The purpose of this study is to develop a model to accurately simulate dif-
ferent experimental conditions and beam characteristics. 1In this model a two
dimensional heat conduction equation in cylindrical coordinates with moving
boundaries is solved. One moving boundary being the melt-solid interface for
each coordinate and another moving boundary is the surface receding as a
result of evaporation. The material thermophysical properties are assumed to

be a function of temperature for both solid and possible liquid phase.

2. FORMULATION OF THE PRCBLEM

The time dependent heat conduction equation in axially symmetric cylin-
drical coordinates (r,z), where r being the radial distance measured from the
center of the beam and z being the coordinate normal to the sample surface

with origin at the surface (as shown in Fig. 1), is given by

b D12 (kr o), 2 (k RLECIE @
Dt r ar Jr 9z oz
where
p = demnsity
¢ = specific heat

k = thermal conductivity
T = T(r,z,t), and
a(r,z,t) = volumetric energy deposition rate.

All the thermophysical properties are assumed to be a function of the local
temperature., Initially the temperature is assumed to be constant throughout
the specimen. One boundary condition is that for large distances into the
target the temperature is assumed to be constant and equal to the ambient sam-

ple temperature, T., il.e.,

o?
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Fig. l. Schematic illustrating ion or electron
electron beam target interaction.

T (=,2,t) = T(r,=t) = T . (2)

The surface temperature is determined by both the boundary condition as well
as by the evaporation process. The correct boundary condition requires parti-
tioning of the incident energy into conduction, melting, evaporation, and rad-
iation. The kinetics of evaporation establish the connection between the sur-
face temperature and the net atom flux leaving the surface taking into account

the possibility of recondensation.’

The boundary condition on the surface, for any radial heat flux F(r,t),
is then given by

F(r,t) = -(T,) :—:-+ o(T, L ¥(T,] + o,efrs - 7] . (3)

where T, = T(r,o,t), L, is the material heat of vapgrization, and v(Tv] is the
velocity of the receding surface. This velocity is a function of the instan-
taneous surface temperature and other material parameters.l The radiative

-



heat transfer term containg the Stefan~Boltzmann constant, g the material
emigsivity ¢, and the temperature Tb of the cold portion of the surroundings
to the experiment.

Once melting occurs, the requirement on the continuity of temperature at

the solid-liquid interface z = m(r,t) is given as
Ts(r,z,t) = Tl(r,z,t) =T (4

where T (r,z,t) and Tl(r,z,t) are the temperatures of the solid and the liquid
phases, respectively, and T, is the melting (or solidification) temperature

which is constant for a given material.

The energy equation at the solid-liquid interface, for which the location

of this interface is given as F(r,z,t) = z - m (v,r,t) = 0, takes the form8

5 5T 5T _
E+i‘l ks—i-kz—-& = po33, (5
or oz 3z at

where Lf is the latent heat‘of fusion.

Such a condition has not been explicity used in the calculatiom, but it
is well satisfied in each zone undergoing phase transition. The phase change
calculation is performed by allowing the temperature to increase (or decrease)
until It reaches the transition temperature of the material. Then the temper-~
ature of the zone 1is held at the melting temperature and the material 1is
allowed to change phase until the heat of fusion is absorbed (or released).
Then the temperature is allowed to increase (or decrease) again., This is done

for every zone in each direction.

If the heating is continued long enough and at a sufficiently high rate,
significant vaporization will occur from the surface assuming the melting
material stays in place. It 1s necessary to account for the receding surface
at the interface between vapor and solid cr liquid. This can be done by in-
troducing a moving coordinate system in which the instantaneous surface z(r,t)

is defined as

t
z(r,t) = z -f v(r,t) dt , (6)
0

-5



where z, = 0 is the original surface.

Transforming the heat conduction equation (1) to this moving coordinate,

the total time derivative is then given by

DT _ BT 3Tdz _ AT _ .. 8T N
Dt at 3z dt at 3z

Then the modified heat conduction equation is given by

pclr- = -]-'-:')--(krE + o kﬂ + pc v(r,t) _8_'!.'_+ q(r,z,t) . (8)
ot r 3r or 3z oz 0z

This equation includes the additional convective term pe v(r,t)(3T/3z) which

is important in modeling intensive evaporation.

The velocity of the receding surface, il.e., v(r,t) is a highly non-linear
function of temperature. A review of the model used to calculate the evapora-
tion losses is given in Ref. 7. 1In this model, the surface velocity is given
by

ofA P (T
v(r,t) = 5.8 x 10~2 ———-‘-’-(—ﬁ E).s + 0.2 e""lOTCJ cm/s , 9
o(T,) /T,

where
a = sticking probability (usually = 1)
A = atomic mass number
P, = vapor pressure (Torr)

1. = vapor collision frequency (s~!)

The total mass loss due to evaporation can then be given by

An = 2nrpv(r,t) dr dt , (10
t= r=C



where t_ and r are the time and the distance at which the temperature drops

to a low value such that no significant vaporization losses take place.

3. RESULTS FROM DISRUPTION SIMULATION

A part of the computer code A*THERMAL-2 has been developed to solve the
two dimensional heat conduction equation with moving boundaries by finite dif-
ferent techniques. The description of the code and the numerical methods used
in the solution will be published elsewhere.9 A flow chart of the code is
shown in Fig. 2 which emphasizes the thermal response part used in this study.
Models for ion energy deposition for a wide range of incident ion energy are
included in the code. Incident electrons penetrate the surface of materials
and are partially reflected. The depth of penetration and the degree of
reflection are functions of the electron energy and the atomic number of the
target material, respectively. The range of electron penetration (R) can be

s

approximated by a function of the electron energy E, (keV) through the

relation3

E1.75
R = 4,57 x 1076 o cm , (11)
p
which is assumed to be valid for electron energies up to 120 keV, the range of
electron beam voltage used in ESURF. The fraction of the energy back-scat-
tered varies from 15% to 20%Z of the incident energy depending on the atomic

number of the target material.3

The calculation is performed parametrically assuming a radially symmetric
stationary beam with different diameters and with either Gaussian or flat
energy density distribution. The calculations presented here assume a beam
energy density of 800 J/cm? (corresponding to a flat beam) deposited in 50 ms
or 20 ms on copper and stainless steel with an initial sample temperature of
300°C. These conditions are chosen from actual disruption tests currently be-
ing conducted at ESURF on a number of candidate materials.? The total beam
energy for a flat beam is simply the energy density multiplied by the area of
the beam. For the Gaussian distribution the spatial part of the surfacs heat
flux F(r) 1s given by



A * THERMAL- 2 CODE

ION
RESPONSE X—-RAYS LASER
MAXWELLIAN
BLACK
SPECTRUM | SPECTRUM sooy
CALCULATION GAUSSIAN CALCULATION .
HISTOGRAM
HISTOGRAM
ANALYTICAL | [wiGHT 10n] | HEAVY (ON CROSS-SECTIONS
MODELS 2¢2 zZ>2 LIBRARY
- DEPOSITION
ITTING FUNCTION
QUTINE CREATION
DEPOSITION
|
ON
OISPLACEMENT THERMAL MOVING
RESPONSE BOUNDARIES |
SPUTTERING l' \
| VARIATIONS OF
PHASE~CHANGE THERMAL
{MELT.—SOLIDIF) PROPERTIES
RECEDING
SURFACE N !
VELOCITY T APOLATION {RADIATION LOSSES|
AND CONDENS.
CONVECTIVE
l——’ VAPOR HEAT TRANSFER
SHIELDING OR INSULATED
NET WALL
EROSION
y
LIFE TIME ANALYSIS
Fig. 2. Flow chart of A*THERMAL-2 computer code emphaszing

thermal response part used in this study.




-r2/242 .
F(r) = Fe r%/20% (12)
where Fo is the maximum heat flux at the center of the beam. The standard

deviation ¢ can be calculated by noting that at r = r, (the nominal beam spot

radius), the local heat flux is one half of the maximum, i.e.,

F(r,) ~r/202
LA B . (13)
F 2
0
Rearranging
g2 = 0.72 rg . (14)

the total beam energy Etr in a Gaussian profile, is given by
®  _p2 2
E. = 2qF f et /20 r dr (15)
t o]
Q

or
E = 2n¢?F . (16)
t (o]

Note that integrating Eq. (15) from r = 0 to r = 3¢ ylelds more than 98% of
the total beam energy. The maximum heat flux at the center of the Gaussian
beam i.e., F, is given from Eq. (16) by equating the total energy with that
for the flat beam. It 1is obvious that this maximum heat flux is less than
that of a flat beam with the same total energy. However, we are comparing two
different beam profiles containing the same total energy which, from an
experimental viewpoint, 1s more precisely known than the profile. Results
comparing the two different beam profiles have the same maximum heat flux will

be shown later in this sectiom.

The maximum surface temperature rise (i.e., at the center of the beam) is
shown in Fig. 3 for both copper and stainless steel for an energy density of
800 J/cm?2 deposited in 50 ms. The copper surface temperature rise is shown
for different flat beam diameters. The temperature starts rising after start-
ing beam deposition and it reaches its maximum at the end of the deposition

time, then it decreases sharply. For beam diameters greater or equal to 1 mm,.
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Fig. 3. Surface temperature rise at the center of the
beam for copper and stainless steel.

the surface temperature for stainless steel is mich higher than that for cop-
per and the temperature stays in the liquid phase for about 100 ms. For beam
diameters greater or equal to 3 mm, the copper melts for a duration of about
35 ms. Lateral conduction along the beam surface becomes very important for
smaller beam diameters as it can be seen that for a beam dismeter of 1 mm

under the same condition copper shown does not even melt.

Figure 4 shows the maximum melting zone thickness and the maximum vapori-
zation losses (i.e., at r = 0) as a function of the beam diameter for both
copper and stainless steel. Copper shows very little vaporization at the con—
ditions shown and only for beam diameters larger than 2 mm, while melting
occurs for beam diameters equal or larger than 1,2 mm. The variation of beam
diameter has less effect on stainless steel melting and vaporization at these
conditions. Substantial effects from different beam diameters can result from
different beam spatial distribution profiles and from longer deposition
times. As an example, the maximum melting zone thickness for stainless steel
and copper is shown in Fig. 5 for both Gaugsian and flat beams., Surprisingly,

-10-
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the Gaussian beam, with the same total energy as the flat beam, does not in-
duce any melting for copper even for beam diameters as large as 10 or even 20
me; while for stainless steel the difference in the melt layer thickness be-

tween the two beams diminishes as the beam diameter becomes larger.

The spatial variation of the melting zone thickness along the beam radial
distance is shown for copper in Fig. 6 for different flat beam diameters. The
maximum melting thickness at the center of the beanm stro;ngly depends on the
beam diameter up to 4 mm for the conditions shown. The melting width in the
radial direction also depends on the beam diameter and for copper it is always
less than the beam diameter., The larger the diameter of the beam the closer
the melting zone width to the beam diameter. For stain].ess steel and flat

Copper
800 J/em?
400 |- 50 ms Deposition Time
Flat Beam
T, = 573°K
A 4.0 mﬁ Beam Diameter
c
e
9 300
€
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22
L0
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g 200
Q
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o
£
@
=
100 |-
1.2
0 Qm ] ! } 1
0 1.0 2.0 3.0

Radial Distance, mm

Fig. 6. Copper melting zone width and thickness
for different beam diameters.
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beam diameter larger than 1 mm, it is found that the melting width in the
radial direction is always larger than the beam diameter.

The effect of the beam shape and the deposition profile on the radial

variation of the melting thickness 1s shown for copper in Fig., 7. The volu-~
metric energy deposition is assumed to be uniform over the range of the elec~

trons given by Eq. (11) assuming a 120-keV electron beam. It can be seen that

the Gaussian profile results in a much less melting (the maximum is less than

102) than that resulting from a flat beam with the same total energy even for

beam diameters as large as 10 mm. Below 10-mm beam diameters, there is no

melting predicted from Gaussian beams, where melting occurs for flat beams
with 1.2 mm in di{ameter. Volumetric energy deposition causes more melting than

depositing the energy as a surface heat flux and the difference is more pro-

nounced for Gaussian beams. This can be explained by the fact that depositing
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Copper melting zone thickness for different
beam and deposition profiles.

Fig. 7.
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the energy deeper into the material aids conduction which for these conditions

causes more melting,

For stainless steel, because of the lower thermal conductivity, the
effect of the deposition profile on the radial variation of the melting thick~
ness is not as significant as that for copper as can be seen from the condi-
tion shown in Fig. 8. Again, for longer deposition times the difference be-

comes more significant.

500
Stainless Steel
800 Jicm?
50 ms Deposition Time
2 mm Beam Diameter
400 ~

Volumetric Deposition
——- Surface Heat Flux

Flat Beam

g

200

Melting Zone Thickness, micron

100

0 0.5 1.0 1.5
Radial Distance, mm

Fig. 8. Stainless steel melting zone thiskness for
different beam and deposition profiles,

The radial distribution of the vaporized stainless steel material is
shown in Fig. 9 for flat and Gaussian beam distributions. Two cases are con-
sidered for the same average energy density. The first case is for a beam
diameter of 1-mm and 50-me deposition time, and the second case is for 2-mm
beam diameter and 20-ms deposition time. It can be seen that the flat beam
results in a much more total material loss than that from the Gaussian beam

-14-
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Fig. 9. Stainless steel vaporization losses for different
beam distribution and different deposition time.

and the difference is larger for longer deposition times (for the same total

beam energy).

Anocther important factor is the time shape of the loading pulse. For

example a triangular time pulse, in which the beam power density linearly
rises from zero to a maximum and then linearly goes down to zero, causes more
evaporation and less melting than the square time pulse used in this calcu" a-
tion, In the case where 800 J/em? deposited in 50 ms on a stainless éteel
surface, a triangular pulse causes about 252 more evaporation and .g-oout 202

legs melting than the square time pulse for the same beam total encrgy as can

be seen in Fig. 10.

The effect of different initial sample temperatures on the amount of
melting and vaporization of the sample material is also studied. Higher ini-

tial temperatures can be used to reduce threshold beam emergy needed to induce’

=15~
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Fig. 10, Stainless steel evaporated thickness for
both triangular and square time pulse.

melting and cause significant vaporization. For example, raising copper ini-
tial temperature from 300°C to 900°C reduces the required energy density to
start melting from 380 J/cm? to 90 J/cm? when deposited in 20 me as shown in
Fig., 1l. It can also be seen that higher initial temperatures cause more
melting in copper than in stainless steel compared to lower initial tempera-—
tures. Figure 12 sghows the effect of the initial sample temperature on the
maxjmum vaporized thickness as a function of beam energy demsity. At very
high energy densities and shorter deposition times, most of the incident
energy goes into vaporization leaving a smaller portion of the energy to be
conducted and cause melting. This will have the effect of reducing melt layer
thickness with increasing energy dens:l‘.l:y.1 Higher initial temperature will

~16~
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have less effect on materials with low thermal conductivity than on materials
with higher thermal conductivity regarding the amount of material lost due to

evaporation as compared to lower initial temperature cases.

During the course of this study it was agsumed, as mentioned before, that
both the flat and the Gaussian beams have the same total energy. However, in
some cases, there are large uncertainties in measuring experimentally the
total energy of the beam and it may be easier to monitor the power density at
the center of the beam. 1In this section we examine the difference in the res-

ponse of target materials when both beams, the flat and the Gaussian, have the

same maximum power density at the center of the beam. This means that the
Gaussian beam contains more total energy (about 44% more) than that of the

flat beam, with the same beam dismeter, as can be concluded from Egs. (14) and
(16).

Figure 13 shows the melting zone thickness resulting from an energy
density of 800 J/ em® at the center of both flat and Gaussian beams deposited
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400 50 ms Deposition Time

Volumetric Deposition
— — Surface Heat Flux
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\
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Melting Zone Thickness, micron

\
\
\
\
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8
T

0 0.5 1.0 15
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Fig. 13. Copper melting zone thickness for both flat and
Gaussian beams having the same power density at
the center of the beam.
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in 50 ms on a copper target with a 2-mm beam diameter. Although the Gaussian
beam contains more energy than the flat beam, the maximum melt layer at the
center of the target is still much less for a Gaussian beam than that for the
flat beam. However, as compared to Fig. 7, the melt layer in this case 1is
developed for much smaller beam diameters and from surface deposition as well
as volumetric energy deposition. This 1indicates the sensitivity and the
importance of accurately characterizing the beam in order to model correctly
the interaction between the beam and the target materials and relate these

results to actual reactor design.

4. CONRCLUSIONS

A model has been developed to accurately simulate the interaction of high
power electron, ion, or laser beams with material. This model includes a two
dimensional solution of the heat conduction equation with phase change and
moving boundaries. The model has been applied to study melting and vaporiza-—
tion of stainless steel and copper‘resulting from an electron beam energy

deposition. The conclusions reached from this study are:

(1) The transient characteristics of the electron or ion beam can

have significant effect on the thermal behavior at the surface

of the material.

(2) There is a minimum beam diameter below which lateral heat
conduction 18 vary important and strongly affects melting and
vaporization at the center of the beam, This beam diameter

depends on the kind of material as well as on the time and

shape of the energy depcasited.

(3) The maximum and the total amount of material melted and
vaporized are strongly dependent on the beam distribution
profile for the same total beam energy.

(4) The shape of the power density variation in time can substan-
tially affect the melting and vaporization losses of the

material.
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(5) Higher initial material temperatures can be used to reduce the

required beam energy to induce melting and vaporization.
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