ionization and radiation dynamics of carbon ablation plasmas
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A computational model that can be used for studying the ablation physics of medium z targets
by ion beams is presented. In particular, the interaction of a proton beam as it heats and
ablates a carbon target is analyzed. Because the radiation emitted during the interaction can
carry away a significant amount of the total target energy, the radiation and ionization
dynamics is treated carefully. This is accomplished by incorporating a collisional-radiative
equilibrium maodel into the ionization dynamics package of a one-dimensional hydrodynamics
model. Cold target energy deposition is assumed, thus eliminating the need for resclving the
energy deposition after each time step. The errors incurred by this assumption are discussed.
The computer simulation is applied to a general parameter study that involves varying the
initial beam conditions to see effects upon the evolution of the target. In addition, the amount
of Ka radiation produced by the direct interaction of the beam particles with the individual
target atoms is calculated. This information is useful for diagnostic purposes since it is highly

dependent upon the ionization state of the target.

I INTRODUCTION

The theoretical modeling of the interaction of an ener-
getic charged particle beam with matter is usefui for a variety
of applications including inertial confinement fusion (ICF),
x-ray production, and ion beam implantation. One of the
earlier beam target models developed to study this problem
was that of Peleg and Zinamon' in which they modeled the
ablation of gold and copper targets by a proton beam. They
also treated radiative losses in their model. In order to in-
clude finite temperature effects, Mehihorn® developed ar ion
deposition model that is very useful for ICF targets. It is
capable of handling the stopping of an arbitrary ion travers-
ing & material of arbitrary composition, density, and tem-
perature. More recently, Rogerson® has treated the depo-
sition of a proton beam in an aluminum target whereby the
hydrodynamics and radiation dynamics is treated in 2 fully
seff-consistent manner.

The principal objective of this work is to provide a sim-
ple framework in which to study the physical processes
which take place during the ablation of a target resulting
from a particle beair interaction. In particular, a proton
beam impacting upon a carbon target is analyzed. This is
accomplished by coupling a one-dimensional, single-tem-
perature fluid hydrodynamic code to an ionization dynamics
and an energy deposition model. Because the radiation emit-
ted during the evolution of the ablation plasma has a signifi-
cant effect on the energetics and also because it provides
useful diagnostic information, the ionization dynamics have
been modeled very carefully. To do this, a collisional-radia-
tive equilibrium (CRE) model*® which includes a large
number of excited states and atomic processes, is employed.

The computer simulation is applied to several studies
and applications. The effect of initial beam conditicns on
plasma parameters is exarpined. As anticipated it is found
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that both the energy of the particles which comprises the
beam and the power density of the beam have a large influ-
ence on the evolution of the plasma and its radiation field.
This is manifested in a number of plasma parameters, includ-
ing the energy partitioning among internal, kinetic, poten-
tial, and radiative components. In addition we have exam-
ined the amount of Ka radiation® that is produced by the
direct interacticn of the beam particles with the individual
target atoms.

HIONIZATION DYNARMICS MODEL

Because the problems considered here span a large
range of temperatures and density values, we need an ioniza-
tion dynamics model which is comprehensive enough to ac-
commedate lower-density plasmas, where radiative effects
become significant in determining the fon populations, as
well s to account for the transitions to higher-density local
thermodynamic eguilibriuvm (LTE) conditions. For this
reason we chose a collisional-radiative equilibrium (CRE)
model.

The atomic states that provide the basis for the model
are the ground state and typicaliy 6-12 of the lowest excited
levels of each ion specie (see Table 1). In some cases the
included levels are representative of a combination of nearby
degenerate states. For example, most levels of carbon IV (3
timesionized ), V, and VI are modeled according to principal
guantum number &, that is, the properties of the various #/
sublevels have been averaged over angular romentum and
magnetic quantam numbers.

Although the number of states included must be limited,
the model should be adequate for modeling the relevant
physics of the simulations. This is because the reduced ioni-
zation potentials for densities in excess of 10°° cm ™ impose
a cutoff at an effective quantum number #' that is near or
within the range of the included states. The free-eleciron
densities encountered in our problems are aimost always

© 1887 American Institute of Physics 1181



TABLE 1. Atomic data for carbon (CRE) model.

Carbon Energy Stat. Carbon Eunergy Stat.
states (eV) weight Configuration states (eV) weight Configuration
Cr(1y 0.000 9 15%25°2p%:3p ground Cui(4) 17.05 g 1s%2p%3p
cx2) 1.264 5 15226%2p%: 1d Cmi(5) 18.09 5 15%2p%:1d
C1(3) 2.684 i 1s%2522p% s Cm(6) 22.63 1 1s%2p7:1s
C1{4) 4.183 5 15°252p° 55 Cm(7} 32.61 27 15*253s:p
C (5} 7.485 9 15225%2p3s:%p 3p3s.°p,d
C1(6) 7.685 3 157257 2p3s: ' p 3d3pdf
CK) 7.946 15 1s%252p%°d Cm(8) 33.15 9 15°2s3s:'p
C 1(8) 8.727 27 1s%25°2p3p:%s, % p,d C mi(8) 33.15 9 1s*253p:'s,'p,'d
CH9) 8.866 9 15725%2p3p: s, ' p, ' d 3d:'p,'d,
C1(19) 9.330 9 1s%2s2p°p C m{9) 39.71 48 15%2p4s®p
Ci(it) 9.706 15 15725°2p3d:p, d, 4p:s’p,d
C1(12) 9.729 45 15225%2p3d:%p 3 ad3pd
Cu(l) 0.000 & 1s%25"2p:p ground 434,33
Cn(2) 5.536 iz 152252p2:4p Cm(10) 39.98 16 15°2p4s:'p
Cu(3) 9.290 10 15%252p*%d 4p:is,'p,'d
Cu(d) 11.86 2 15%252p% % 4dip,\d,f
C1(3) 13.72 6 15%2s2p%:2p 4f'd, g
Cu{6) 17.08 18 15°25°35:% Cui(1l) 40.87 81 15%2p3s:3p
3p:p 3ps,’p,%d
3d:2d 3d72pld>f
Cu(7) 17.61 4 15%2p%%s Cor{i2} 41.30 27 1s%2p3s:'p
Cu(®) 18.66 10 15°2p°%d 3p:ts,"p,d
Cu(9 20.68 32 15%25%4s:%s 3d:ip,'d, ' f
4p’p cw(l) 0.000 2 15%2s5:% ground
4d:2d Cwv(2) 8.010 [ 1s%2p:%p
a7 Cwv(3) 37.55 2 152352
C H(10} 20.92 3 15°25° % Civ(4) 39.68 6 1523p:2p
Cm(l) 0.000 1 15%25%:!s ground Civ(5) 40.28 10 1s%3d:%d
Cu2) 6.499 9 1s22s2p:3p Civ(6) 50.80 32 n = 4:doublet
C (3} 12.65 3 15°2s52p:'p Civ(T) 55.78 50 n = S:doublet
Cv(l) 0.000 1 1s%:'s ground
Cv(2) 289.0 3 152s:%s
Cv(3) 304.3 1 152s:'s
Cv(4) 304.4 9 152p%p
Cv(5) 3G7.9 1 Is2p:ip
Cv(6) 353.5 27 7 = 3:triplet
Cv(h) 354.5 9 n = 3singlet
Cv(8) 370.7 64 n=4sand ¢
Cv(9) 378.5 100 n=3Ssandt
Cvi(h 0.000 2 1s:%s ground
Cvi(2) 367.5 8 #n = 2:doubdlet
Cvi(3) 435.6 18 n = 3:doublet
Cvi(4) 459.4 32 n = 4:doublet
Cvi(5) 470.4 5G n = 5:doublet
Ccvi 000.0 1 bare nucleus

larger than this, except possibly for the cold compressed re-
gions of the target.

The atomic processes which are represented are colli-
sional tonization, three-body recombination, collisional ex-
citation, collisional deexcitation, spontaneous emission, ra-
diative recombination, and dielectronic recombination.
They are shown schematically along with their correspond-
ing transitions in Fig. L.

The atomic processes are manifested in a set of rate
eqguations, one for each atomic state, having the form

dan;
p7alaP A e A
J 7

where &, is the population density of atomic level i and C;; is
the sum of the reaction rates representing the atomic pro-
cesses for transitions from state j to i. The rate coefficients,
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C;’s, were obtained from the Naval Research Laboratory.
The processes and methods used to calculate them have been
previcusly documented by Duston ef ¢/’

With the exception of possibly the hot tenuous ablation
region, the hydrodynamic time scales which are typically of
the order 10~ °~10™ " s are long in comparison to the relaxa-
tion times of the atomic states. Thus we are reasonably justi-
fied in assuming that the equilibrium nature of the CRE
model is valid for our problems, i.e., we can set the left-hand
side of the above equation equal to zero.

Once the equations are solved for the population densi-
ties it is a straightforward calculation to find the effective
charge, specific heats, ionization energy, radiation field, and
other information that depends upon knowledge of the pop-
ulations.

We have included radiative cooling due fo line, recom-
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FIG. 1. Three-level diagram displaying the atomic processes represented in
the model. S'is collisional ionization, g, is radiative and three-body recom-
bination, a,, is dielectronic recombination, X is electron collisional excita-
tion, X ™ ' is collisional deexcitation, and 4 is spontaneous emission.

bination, and bremsstrahlung radiation for the simulations
described in this paper; however, since no transport of radi-
ation is performed, the model is only strictly valid for opti-
cally thin plasmas. It should also be mentioned that we have
neglected the explicit effect of reduced tonization potentials
on the rate coefficients. This approximation could have an
impact upon the high-density results.

1. HYDRODYNARMIC MODEL

The effective charge, specific heats, and radiation cool-
ing rates calculated in the above section are then incorporat-
ed into a hydredynamics model. The model developed for
these studies is based upon the WAZER and FIRE codes of
Kidder® and McCarviile,” respectively. These codes utilize a
Lagrangian one-dimensional, single fuid model. Similar to
FIRE, we assume 2 single temperature for the ions and elec-
trons. This is a valid assumption for the plasma conditions of
interest, because the electron-ion equilibration time 7., is
shorter than the hydrodynamic time scales.

Briefly, the set of equations solved in this model are con-
servation of mass, momentum, and energy, and an eguation
of state, written in Lagrangian form:

Conservation of mass
v=v(V-@);

conservation of momentum
= —vip+g);

conservation of energy

equation of state

pv=kT/m (ideal gas law),

where v is the specific volume, @ is fluid velocity, p is pres-
sure, ¢ is an artificial viscosity, 7 is temperature, m is the
atomic mass, « is thermal conductivity, C, is specific heat,
and s is a combination of the radiative loss and particle beam
deposition source terms.
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V. ENERGY DEPOSITION MODEL

The hydrodynamics model is set up to include the depo-
sition due to a proton beam that has both a fixed current
density and initial particle energy up tc 10 MeV. The stop-
ping power formulas used are those of Ziegier and Ander-
sen.'” They represent a proton being stopped in a cold car-
bon target. Because temperature effects are not considered,
the amount of energy deposited in each zone per unit time
will remain constant for a square wave beam pulse. This
eliminates the need for resolving the energy deposition after
each time step.

The energy deposited in each hydrodynamic zone is cal-
culated using

x4 Ax; o
E, :[J‘ d;E_dxs
x dx

where E, is the energy deposited per unit time in zone 7, Ax is
the zone width, 7 is the beam current density (assumed con-
stant until the beam is completely stopped), and JE /dx is
the stopping power. It may appear that the assumption that
temperature effects are negligible is not very good; however,
we find that for these simulations the errors incurred are
about 30% for “worst case” situations, i.e., temperature and
density regimes encouniered that arve likely to violate the
cold temperature assumption. Although substantial, this er-
ror is acceptible in light of the level of detaii we are trying to
retain. To iflustrate, Fig. 2 shows a plot of the stopping pow-
er for the cold target in juxtaposition to several graphs of
“worst case” situations where temperature effects have been
considered. The formula used for temperature dependent
“worse case” calculations are the Bethe formula!' for
bound-clectron and Jackson’s formula'® for free-electron
stopping powers.

For a more comprehensive treatment of the effects of
temperature dependence, see the paper by Rogerson.?
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FIG. 2. Stopping powers for protons in carbon. Curve A represents the
Ziegler and Andersen cold target stopping powers. B, C, and D represent
temperature-dependent values for an eleciron temperature of 50 eV, an ef-
fective charge of 4, and ion densities of 1072, 107!, and 10°® cm 3, respective-

iy.
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V. Ko PRODUCTION

Aside from examining the general evolution of the tar-
get, we are also interested in looking at Ko production due to
the direct interaction of the beam with the target atoms.
Therefore, before going into the details of the simulations,
we want to discuss the calculation of Ka emission.

Ko emission is produced by the interaction of fast parti-
cles or photons with a target atom in which a vacancy in the
K shell is produced. When the subsequent vacancy is filled
by a decaying cuter orbital electron, the excess energy will be
used either to ionize another outer shell electron in a process
known as an Auger transition or eise a photon wiil be emit-
ted. The relative occurrence of these possibilities is quanti-
fied by the fluorescence yield, the fraction of ali K-hole cre-
ations in which the excited atom emits a characteristic Ka
photon in its deexcitation.

In this investigation the interest is upon knowing how
much Ka radiation is produced by the direct interaction of
the beamn with the target atoms. This information can be
ased as a diagnostic tool for checking upon the amount of
beam energy that is incident upon the target; it also provides
knowledge of the ionization state of the plasma. Competing
with the beam in producing Ke’s will be that produced by
thermal agitation of the plasma and inner-shell photoioniza-
tion. The first of these is not a concern for this investigation
because thermal energies are relatively low and do not attain
values comparable with the binding energies of the K-shell
electrons. However, there will be situations in which a signif-
icant percentage of the radiation field will be in the energy
range which exceeds the threshold value for K-shell pho-
toionization. When this happens, because of the larger cross
section for inner-shell photoionization,” ~107'%-107%¢
cm? for frequencies of interest, compared to impact ioniza-
tion by the beam, ~ 107?! cm?, the beam K calculation is
not very meaningful. Still, it can be used for times up to those
in which the high-energy radiation field becomes a consider-
ation. Note, that when the Ka’s produced by inner-shell
photoionization are present the photon flux producing the
vacancies is usually several orders of magnitude larger than
the beam flux. Thus, the rate of X-shell vacancy production
via inner-shell photoionization might be 5-6 orders of mag-
nitude greater than that produced by the beam.

The calculation is performed by scaling the experimen-
tal values of Khan, Potter, and Whorley'* for Ka production
by proton bombardment of neutral carbon to the C 1y, C 11y,
and C 1v ionization stages. To accomplish this, the binary
encounter approximation (BEA)" is used. It states that the
cross section for creating a K-shell vacancy by particle bom-
bardment scales as 1/U %, where U is the binding energy of
the K-shell electron. Since the cross section for Ke emission
can be found from this vacancy production cross section by
multiplying by «, the finorescence yield, it is a straightfor-
ward procedure to calculate the Ko emission cross sections
for the other ion stages, provided the fluorescence yields are
known, using

o, =0, (w/e) (U/U)%,

where o is the cross section for Ka emission by ion stage
ili=1,2,3,4 correspond to C I (neutral carbon) C 13, C 11y,
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TABLE II Fluorescence yields and binding energies. /N, is the total ion
number density (cm ™),

Ci Cn Cua Civ

Charge ] 13 2 3

K shell 284 302 329 359

Binding

energy

(eV)

@y 0014 0014 0030 (244N, (2.3x19720)]!

and C 1v]. Values for binding energies ¥, ’s and fluorescence
yields w,’s are listed in Table II.

The conditions of validity for the BEA approximation
are given by

£./2,41 and Z,/Z,<v/v,,

where Z, is the atomic number of the projectile, Z, is the
atomic number of the target atom, v is the velocity of the
projectile, and v, is the K-shell electron velocity. For our
problems of interest, the above inequalities will be satisfied
5o long as the projectile energy exceeds about 0.6 MeV,

The values for fluorescence yield for the Ct, C 1, C 111,
and C 1v ion stages, listed in Table II, are taken from several
sources and in some cases they had to be estimated. The C1
value of 0.014 is obtained from Khan, Potter, and Whorley.
Since information on C II was unavailable, we chose the
same value as used for C L. The basis for this assumpticn is
that the filuorescence yields of C1- and C 1-like ionization
stages of aluminum are about the same.® The fluorescence
vield for the C I ionization stage is found by a statistical
weighting of the ratio of the diclectronic recombination
rates’® to the total decay rate for the 152s% and 1s252p states
of lithiumlike C 1v. Likewise, the fluorescence yield for C rv
had to be calculated. Since the removal of an inner-shell elec-
tron from C 1v leaves the system in a singly excited state of
C v, the fluorescence yield in this case is calculated by a
statistically weighted average of the ratio of line emission of
the total decay rate.

Having knowledge of cross sections, binding energies,
and the fluorescence yields it is possible to calculate the Ka
radiated power per unit mass. It is found for each target zone
by the following formula:

4
l?ower - f4 E 0. U N,,
unit mass N,

where 4 is the number of carbon atoms per unit mass, {is the
current density, V. is the total ion density, and #; is the ion
density of ion stage /.

Vi. APPLICATIONS AND RESULTS OF NUMERICAL
SIMULATIONS

In this section we discuss the numerical results for (a) a
typical simulation run which displays the evolution of the
target and radiation field during the beam-target interaction
and (b} a parameter study in which beam energy and cur-
rent density are varied to determine their effect upon essen-
tial plasma parameters, such as internal energy, radiation
conversion efficiencies, and Ko production.
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A. Typical simulation run

This simulation is for a proton beam striking a 100-pm-
thick foil of scild carbon of density 2.2 g/cm’ that is sur-
rounded by a vacuum. The power density is 10" W/cm? and
the initial energy of the protons is 2 MeV. The beam is
shaped as a 10-ns square-wave pulse.

The spatial and temporal evolution of the target density
is illustrated in Fig. 3 where curves A, B, C, D, and E corre-
spond to snapshots in time of 0, 1.2, 3.1, 6.0, and 8.1 ns.
Because the projected range of a 2-MeV proton in a cold
carbon target is ~40 xm, the beam will deposit its energy in

the outer third of the target and, since there are no tempera-
ture effects taken into consideration, the amount of energy
deposited in each zone remains constant throughout the du-
ration of the pulse. From Fig. 3 we see that the demarcation
of the energy deposition region is where each of the curves
crosses curve A on theright-hand side. We see that the mate-
rial to the left of the depositicn region becomes quickly com-
pressed to about five times solid-state density while the den-
sity in the region to the right-hand side decreases to about
one tenth solid-state density by the end of the pulse. The
compression is due to shocks created by the large ablation
pressures, ~ 10* J/em?, produced in the deposition region.
The crest of the mass density curve travels at the sound speed
of the target which is =7 X 10° cm/s for densities of 11 g/
cm?” and temperatures near 10 eV. One notices the peculiar
behavior whereby the density curves precipitously fall at the
end of the deposition region, level off, and then begin to rise
in the tlowoff region, the reason being that there is more
energy deposited at the end of the range of the protous as
they slow down in the carbon (see Fig. 2}. This, in turn,
creates a higher ablation pressure area near the deposition—
cold target interface which not only compresses the cold part
of the target but aisc material further to the right. As expect-
ed, we find that the density in the deposition region drops off
substantiaily as the region ablates.
Figure 4 shows the temperature evolution of the target
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FIG. 3. Mass density as a function of time and position for a particle beam of
2 MeV protons at an intensity of 1072 W/cm? ablating a 100-em-thick car-
bon target. A, B, C, D, and E represent 0.8, 1.2, 3.1, 6.0, and 8.1 us, respec-

tively.
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FIG. 4. Temperature as a function of time and position for a particle beam
of 2 MeV protons at an intensity of 10" W/cm? ablating a 100-gm-thick
carbon target. A, B, C, I}, and E represent 0.0, 1.2, 3.1, 6.0, and 8.1 ns,
respectively.

for the same times depicted in Fig. 3. We find that tempera-
tures rapidly rise to 10V and then saturate at this value in a
time of 3 ns. The nondeposition region remains cold, less
that 2 eV, throughout the interaction. Shock heating,
compressional work, and thermal conduction are the pri-
mary heating mechanisms in this region. If radiation trans-
port had been included, we might see that absorption of in-
ner-shell radiation'® also contributes to heating the cold part
of the target. The peak in the temperature curves correspond
to the regions where the maximum deposition is occurring in
the target and, as for the pressure curves shown in Fig. 3, this
is near the end of the range of the proton beam.

Figure 5 illustrates how the energy is partitioned during
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FIG. 5. Energy partitioning as a function of time for a beam of 2 MeV pro-
tons at an intensity of 10" W/cm? ablating a 100-m-thick carbon target. A
is internal, B is kinetic, C is ionization, D is the total source, and E is the
total radiative energy.
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target evolution. We find that about 50% of the beam energy
is radiated away by the end of the beam pulse., This is an
overestimation, because there would be some reabsorption
of the radiation field, a process not yet accounted for in this
model. During the first 3 ns we see that most of the beam
energy is going into internal energy of the deposition region.
Since the ionization energy is small compared to the total
internal energy, most of this energy is thermal energy of the
ions and electrons. The temperature and density conditions
are such that the lonization and internal energies have nearly
saturated after 4 ns, and any additional source energy is ei-
ther immediately radiated away or else contributes {o the
kinetic energy of the target.

The Ko energy is shown in Fig. 6 and as expected the Ko
emission originating from C § and C 11 dominates because of
the relatively cool temperatures encountered in this prob-
lem. This is readily seen in Fig. 7 where the ion abundance
curves for a typical ion density, 5 X 10?* em ™2, are displayed.
An examination of this figure along with Fig. 4 show that we
should expect to see a large contribution of K& coming from
C 1 throughout the pulse but only copicus amounts of C 11
and C 1 Ko’s as the temperature rises during the later part
of the interaction. Because the Ko lines have appreciably
different energies they should be spectrally discernable. The
line energies are 284, 302, 329, and 359 eV for the parent
atom being in a C 1, C 1t, C 111, or C IV state, respectively.

B. Parameter study

Tables II1, IV, and V contain information about beam,
internal, kinetic, radiative, and ionization energies for 10-ns
square-wave beam puises of 10, 10", and 10" W/cm? ab-
lating 2 100-um-thick planar target. Each table is then divid-
ed into three sections corresponding to an initial proton
beam energy of 1, 2, and 3 MeV. The data represent a cross

ection of the target parameters taken at a time ¢ = 9 ns.

We see that the radiation conversion efficiency varies
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FIG. 6. Ka energy spectrum as a function of time during the ablation of a
100-um-thick carbon target by a beam consisting of 2 MeV protons at an
intensity of 101? W/cm?. Curve A represents Ka's of 284 eV; B—302 eV;
C—329 eV; D—359 eV, and E represents the total Ka energy emitted.
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FIG. 7. Carbon ion abundance curves as a function of temperature for a
total ion density of 3 X 107 cm ™. Curve A, B, C, and D correspond to C 1,
Cn, C 1, and C 1v, respectively.

from 54% for a power density of 10'> W/cm? and proton
energy of 3 MeV, up to 21% for a power density of 10 W/
cm” and proton energy of 2 MeV. It appears that the trend is
for conversion efficiencies to increase with power density,
but it does not seem that they are as affected by changes in
initial proton energy. This is because there is corresponding-

TABLE III. Parameter study for a beam of power density 10'* W/cm?.
Euergies in units of (10° J/cm?) and percentage of total beam energy are
listed.

Plasma Initial ion Initial ion Initial ion
energy energy energy energy
parameters {1 MeV) (2 MeV) (3 MeV)
Beam 3.0 (100%) 9.0 (100%) 9.0 (100%)
Enternal 1.9 (21%) 2.7 (30%) 3.2 (36%)
Kinetic 1.2 (13%) 1.1 (12%) 0.95 (11%)
Radiative 5.9 (65%) 5.2 (58%) 4.9 (54%)
Ionization 0.87 (109%%) 1.0 (11%) 1.3 (14%)
Line 3.0 (32%) 2.4 (27%) 2.4 (27%)
Free-bound 1.8 (20%) 1.4 (15%) 1.2 (14%)
Free-free 1.2 (13%) 1.4 (15%) 1.3 (14%)
Line energies (% of radiative energy)

E<10eV 3% 7% 13%
10<E<20eV 15% 26% 28%
20<E<60e¥Y 31% 13% 8%

60 <E<100eV 0% 0% 0%

100 <E<200eV 0% 0% 0%
200<E<350eV 0% 0% 0%
E>350eV 0% 0% 0%
Free-bound energies (% of radiative energy)

E<10eV 0% 1% 5%
0<E<20eV 7% 15% 13%
20<E«<60eV 13% 9% 6%
60<E<100eV 0% 0% 0%
100<E<260eV (% 0% 0%
200<E<350eV 0% 0% 0%
E>350eV 0% 0% 0%
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TABLE 1V. Parameter study for a beam of power density 10*> W/cm?
Energies in units of (10* I/cm?) and percentage of total beam energy are
listed.

Plasma Initial ion Initial ion Initial ion
energy energy energy energy
parameters (1 MeV) {2 MeV) (3 MeV}
Beam 9.0 (100%) 9.0 (100%) 9.0 {(100%)
Internal 1.0 (119%) 0.95 (11%) LE(129%)
Kinetic (.86 (10%) 0.67 (7%} 0.66 (7%)
Radiative 7.2 (80%) 7.4 (82%) 7.1 {78%)
lonization 0.35 (4% 0.43 (5%) .46 (5%)
Line 2.1(23%) 2.3 (26%) 2.2 (24%}
Free-bound 3.9 (43%) 2.8 (31%) 2.3(25%)
Free-free 1.3 (14%) 2.3 (26%) 2.7 (30%)
Line energies (% of radiative energy)

E<ibeV 1% 2% 2%
10<E<20eY 1% 4% 7%
20<E<60eV  15% 21% 8%
BcE<l00eV 0% 0% 0%
[00<E<200eY 0% 0% 0%
200<E<350eY 8% 0% 0%
E~>350eV 4% 0% 0%
Free-bound energies (% of radiative energy)

E<10eV 0% 0% 0%

10« E<20eV 0% 1% 7%
W<E<60eV 24% 3% 239

60 < E<100eV 20% 5% 2%

100 <E<200eV 8% 0% 0%
W0 < E<350eV 0% 0% 0%
E>350eV 1% 0% 0%

TABLE V. Parameter study for a beam of power density 10" W/em?, Ener-
gies in units of (19° J/em?) and percentage of total beam energy are listed.

ly less mass in the deposition region for the beam that has the
smaller initial proton energy. There is an obvious difference
in the size of the deposition region for the different proton
energies because the ranges for a 1, 2, and 3 MeV proton in
cold solid carbon are 10, 40, and 70 um, respectively. An-
other observation is that the radiation spectrum is harder for
the smaller proton energies. Again, this is due to the beam
being absorbed by correspondingly less mass of the target.
Thus, the region heats up faster and reaches higher tempera-
tures, as high as 50 eV for power densities of 16 W/cm?,
than those heated by beams of identical power density but
comprised of more energetic protons.

If opacity effects had been included, cne would expect to
see slightly higher ionization and internal energies, a harder
radiation spectrum, and 2 net radiation loss less than the
results quoted in this study.

The total beam-produced Ka energy emitted by the tar-
get up to time ¢ = 9 ns is given in Table VI. An interesting
feature of this table is that the Ko energies scale with beam
intensity for the 3 MeV protons, however, we find that this
scaling is not valid for the other proton energies. Once again
this is due to the larger mass that is included in the depo-
sition region for the higher-energy protons. For the 3 MeV
case, there is sufficient mass to absorb the beam such that
temperatures remain low enough that only C1, Cr, C 1,
and C IV states exist. This is not true for the lower initial
proton energy beams which can quickly burn through these
levels if the intensity is large enough. This is substantiated by
Table V where we see that the radiation spectrum is so hard,
for the low initial proton energy case, that most of it must
have eminated from the K shell.

By measuring the energy of the Ka radiation field from
the beginning of the interaction, an experimentalist could
use a table such as this {o discern the beam power density or

Plasma Initial ion Initial ion Initial ion " g -
energy energy energy energy particle energies. Also, since the frequency of the Ko photon
parameters (1 MeV) (2 MeV) (3 MeV) depends upon the ionization state of the parent atom, one
an obtain knowledge of the ionization state of the depo-
Beam 5.0 (100%) 9.0 (100%) 9.0 (100%) “ B ) 8¢ ¢ . P
Internal 0.89 (109%}) 0.45 (5%) 0.52 (69%) Snlon‘l‘eglﬁﬂ by ’Co'mpa,rmg expeﬂ;méntal 1.6 Spectra. 10 COoIR-
Kinetic 0.49 (5%) 047 (5%) 0.45 (5%) putational predictions. Neote that because of the presence of a
Radiative 7.7 (85%) 3.2 (91%) 8.1 (50%) radiation spectrum whose frequency exceeds the binding en-
;‘;ﬁfﬂt“’“ g'?{ %Zf; gé?g;{“; ?és( gz,"i ergy of the inner-shell electrons and can therefore create ad-
3 {(25% . 3% . T .. . .
Free-bound 4.8 (53%) 4.1 (45%) 3.9 (43%) ditional K-shelt vacancies, the Ka‘r.esults are only meaning-
Free-free 0.6 (7%) 1.5 (17%) 2.6 (29%) ful for the lower-power densities. Even though the
1i ics (% of radiati cay) beam-produced Ko spectrum has rather limited wutility for
I CNerges ACIAVE €ne . . . . .
e snergies 7 &y carbon, it could be & worthwhile diagnostic for higher-z ele-
E<i0eV 0% 0% 0% ments at the larger power densities.
10<E«<20eV 0% 0% 0%
20<E<60eV 2% 5% 11% Vil CONCLUSION
0<E<100eV 0% 0% 0% ) »
100 <E<200eV 0% 0% 0% We have developed a computational mode! which simu-
W< E<350eV 3% 14% 4% lates the ablation of a carbon target by a proton beam. This is
E>350eV 14% 11% 3%
Free-bound energies (% of radiative energy) TABLE VL Ko energies (3/ocm?).
E<i0eV 0% 0% 0% Power Initial ion Enitisl ion Initial ion
10<E<20eV 0% % 0% density energy energy energy
W< E<60eV 0% 4% 20% {W/cm?) (1 MeV) {2 MeV) (3 MeV)
I<E<100eV 8% 20% 19%
100 < E<200eV 19% 18% 8% 102 0.84 1.0 .3
W< E<350eV 5% 0% 0% g 4.9 13.0 15.0
E>» 350 eV 30% 7% 1% 10 7.0 370 92.0
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done by coupling a sophisticated CRE ionization dynamics
model, & one-dimensional, single fluid and temperatare hy-
drodynamics model, and a simple temperature-independent
energy deposition model. The total package is then applied
to simulating the beam-target interaction under a variety of
initial beam conditions.

An examination of the results of our parameter study
shows that radiation conversion efficiencies can be as high as
90G% for optically thin targets. We also find that the thermal
emission profile is strongly dependent upon both the energy
and power density of the beam. This is illustrated by the
observation that the hardness of the radiation field can be
increased by either using less energetic protons and main-
taining the same power density or else increasing the power
density. The parameter study alsc categorizes the depen-
dence of internal, kinetic, and radiative energy upon beam
power density and proton energy.

Another application investigated was the calculation of
the amount of Ko photon energy emitted due to the beam
protons knocking out inner-shell electrons. We found that
under opticaily thin conditions, the energy density of this
emission is several orders of magnitude below that of the
thermally produced radiation field. However, since the ener-
gy of the Ka’s is larger than the other photons, it should be
easily resolvable. It was also noted that the beam produced
Ko results are only valid when the target is relatively cold.
Otherwise, there will be a significant component of high-
energy photons created by valence transitions that will also
be absorbed by the X shell and produce their own Ko emis-
sion, thus swamping the beam-produced &« results. Because
the spectrum of Ka depends upon the binding energy of the

1188 J. Appl. Phys., Vol. 62, No. 4, 15 August 1987

K-shell electron of the emitting atom, it represents of mea-
sure of the ionization state of the target.
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