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Analytical Model of the Flash Produced in
Aluminum-Aluminum Hypervelocity Impacts

KENNETH E. HARWELL,* KYNRIC M. PELL,! AND T. DWAYNE McCAYj
Auburn University, Auburn, Ala.

A theoretical model was developed which represents hypervelocity impact flash as radiation emitted from a
high-temperature, optically thin, metallic plasma in local thermodynamic equilibrium. The model employs
fundamental physical relationships to arrive at the radiation emitted from an impact plasma. Calculations
were carried out for single element (pure aluminum) and multielement metallic plasmas. Two five-element plasma
models were used to calculate radiation from type 2024 and type 6061 aluminum alloy impact plasmas. Cal-
culations were carried out for the pressure of 1.0-100 atm and for temperatures of 5000 °K-40,000 °K.
The theoretical results indicate that for these pressures and temperatures, the predominant type of radiation
is that of spectral-line radiation. In order to obtain qualitative agreement between theory and experiment, it was
necessary to include both impurity radiation effects and line shift-line broadening effects. This paper demon-
strates that the flash emitted by a transient impact gas cloud can be represented as radiation from a high-pressure
metallic plasma.

Introduction

EXPERIMENTAL studies1-4 have indicated that the radia-
tion emitted from a hypervelocity impact can be used

to predict physical parameters associated with the projectile
and target materials and to predict physical damage to the
target. From only a knowledge of the impact flash, in-
formation on projectile mass, velocity,4 and impact energy
can be obtained. In an attempt to correlate the measured
impact flash with the physical phenomena present in an impact
event, the radiated energy is assumed to arise from high-tem-
perature metallic gas at the projectile-target interface as
shown schematically in Fig. 1. At the high temperatures
expected, the hot gas will be in the plasma state. This
physical model was adopted in order to predict the total
radiation emitted from a unit volume of plasma in local ther-
modynamic equilibrium containing neutral atoms, ions, and
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electrons. By employing a fundamental approach to the
calculation of the radiation, detailed knowledge of the spectral
distribution of energy as a function wavelength and impact
energy (or temperature of the impact plasma) can be obtained.
This model permits quantitative calculations to be made for
each of the radiation mechanisms. Such knowledge can
assist in the design of diagnostic devices to measure impact
flash. It also can assist in the design of devices to enhance
radiation (e.g., illumination devices) and to reduce radiation
(e.g., radiation and ionization in re-entry devices). Because
the fundamental physical model is a general one, the mathe-
matical equations can be applied to many practical situations.

Harwell, Reid, and Hughes1 made an analytical study of an
iron and aluminum plasma and found that such a representation
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Fig. 1 Schematic representation of an impact plasma.
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of impact flash as radiation from a high-temperature, high-
pressure plasma appeared feasible. They found some quali-
tative agreement between theory and experiment for stainless
steel impacts. However, there was a notable lack of agree-
ment between theory and experiment for the aluminum impact
events. The authors indicated that qualitative agreement
between the theoretical calculations and the experimental
measurements might be achieved by inferring line shift and
line broadening, which were neglected in their model. In
addition, they postulated that better agreement might be
achieved if the model included more elements and more ions
of each element. Their model included only two elements
(iron and aluminum): three ions of aluminum and two ions of
iron.

This article describes a theoretical study of the analytical
model suggested by Harwell, Reid, and Hughes1 and its exten-
sion to include radiation from multielement aluminum-alloy
metallic plasmas and to include the effects of line shift and line
broadening. The results of the calculations are compared
with the experimental results presented by Harwell, Reid, and
Hughes.1

Theoretical Considerations

LTE model that the distribution function responds instan-
taneously to any change in the plasma conditions. In addition,
each collisional process occurs at the same rate as its inverse
so that the principle of detailed balancing is satisfied. Ano-
ther requirement of the present model is that the ions and
atoms in the plasma do not diffuse into regions of significantly
different electron temperature in the relaxation time required
for their level populations to reach equilibrium.7 For the elec-
tron number densities of interest in impact plasmas (Ne > 1016

cm~3), the electron equilibration times are considerably shorter
than the time required for equilibration of the bound energy
levels of the atoms and ions. As long as the collisional
rates of energy transfer are much higher than the radiative
rates of energy transfer, the present LTE plasma model
should give reasonable estimates of the energy radiated from
an optically thin impact plasma.

Since all types of emitted radiation depend on free electron,
ion, and/or neutral atom number densities, the first step in
developing a mathematical model of the impact flash is to
derive equations which yield the plasma composition as a
function of local temperature and pressure. Once the compo-
sition of the multielement plasma is known, the radiation
emitted in the form of line radiation, recombination radiation,
and bremsstrahlung can be calculated.

Introduction to Theoretical Model

The theoretical model developed in this paper assumes
that the radiation emitted during a hypervelocity impact
event arises from a plasma created at the projectile-target
interface. The radiation is assumed to arise from a unit
volume containing neutral atoms, heavy positive ions, and
electrons in local thermodynamic equilibrium (LTE). The
latter assumption is made in order to simplify the theoretical
model. In the actual impact event, the plasma created during
the impact will be a highly transient one with spatial gradients
in temperature, pressure, and composition. The radiating
plasma will probably be a nonequilibrium one because of the
rapid expansion of radiating gas from the point of impact. A
complete analysis of such a nonequilibrium plasma would
require a detailed knowledge of the specific physical mech-
anisms and collisions occurring in the radiating volume.

In addition, the quantitative calculation of the nonequi-
librium radiation would require quantitative ionization rate
and collisional cross section data. Lacking such data for
nonequilibrium, high-pressure metallic plasmas, it was decided,
as a first approximation, that the actual nonequilibrium
event would be described as a succession of LTE states.
Thus, although the plasma density and temperature may
vary in space and time, the distribution of particles between
the various energy states at any instant of time and location
in space may depend only on the local values of temperature,
density, and chemical composition of the plasma. These
properties are assumed known or measurable in the present
model. The assumption of LTE permits considerable simpli-
fication of the governing physical conditions since the popu-
lation densities can be determined from the equipartition
energy law of statistical mechanics without a quantitative
knowledge of the atomic cross sections. For this case, the
population of bound energy levels within a given species is
described by Maxwell-Boltzmann statistics and the Boltzmann
equation. The relative total populations of successive states
of ionization are given by the mass action or Saha equations.

As stated by Griem5~6 and discussed by Harwell, Reid
and Hughes,1 for moderately dense plasmas (Ne > 1016cm~3)
at moderate temperatures (r< 6 x 1040K), the velocity
distribution of free electrons is almost always Maxwellian,
so that Maxwell-Boltzmann statistics can be used in the
solution of the present problem since these two conditions
are normally satisfied in the hypervelocity impact plasma case.

Even though there are considerable amounts of energy
radiated from the plasma volume, it is assumed in the present

Impact Plasma Composition

A brief description of the method used for calculating
the composition of a multielement plasma is given next. A
complete discussion of the mathematical derivation of the
governing equations for a two-element plasma has been given
by Harwell, Reid, and Hughes.1 This derivation is an exten-
sion of their two-element equations to the case of a multi-
element plasma.

For a multielement plasma, the heavy particle number
density is given by

imax( j )

Z (1)

where Ni(j) is the density of the /th ion of the jth element. N0(j)
is the neutral atom density for they th element ;ymax corresponds
to the maximum number of elements and imax(j) corresponds
to the highest possible stage of ionization of theyth element.

Charge neutrality in the plasma requires that the number
density of electrons, Ne, be given by

(2)

The number density of each of the species in the plasma
can be found from the laws of mass action (Saha equations),
which can be written in the form

MOWW-i(J) = ^(j) (3)

for j = 1,2, . . . ,ymax and / = 1,2, . . . , wO')- Ki(j) is the mass-
action coefficient for the /th ion of the y'th element. The
mass action coefficients are functions of temperature and
pressure and are defined by the expressions

t - i(y, oo )]kT} (4)exp{[ -

Qi(j) is the partition function for the /th ion of the/th element,
Ei(j, oo ) is the ionization energy for the /th ion of the y'th
element, T is the temperature, k is Boltzmann's constant,
h is Planck's constant, and me is the mass of an electron.

Using Eq. (3), expressions for the number densities can be
written as

(5)
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By combining the mass action Eqs. (3) with Eqs. (1) and
(2), the total number of particles can be given as

NT = NH + Ne

or

(6)

(7)

If the number density defined by Eq. (5) is summed over
all the ions for a particular element, the result is the total
number density of particles for that element, i.e.,

Na(j)= Z (8)

This result can be rewritten in terms of the number of
atoms in the neutral state by using Eq. (5) as

'max(J) 1 ii i n (9)

Thus the expression for the total number of particles can
be written as

/imaxU) J '

£ rnniW) 00)
J = l i = 0 e r = l i = 0 Ne r = 1

For convenience, define the relative amounts of heavy particles
present in the plasma as the partial pressure of the yth element:

PP(j) = NH(j)INH (11)
The number of heavy particles present is just

NH = NT-Ne (12)

Equations (11) and (12) can be used along with Eq. (10) to
derive an electron density polynomial of the form

1
1-*

NT

= Em;)-
n

Imax(J) \
(13)

For the metallic plasmas studied in this article, PP(j) and NT
are assumed known. NT is calculated using the equation of
state in the present study and Kr(j) is calculated as a function
of temperature; /maxO') and ymax are assumed to be known
in the present study, but im^(j) could be determined as a
function of temperature. Thus, for given PP(j\ T, and NT,
Eq. (13) is essentially a complex polynomial of order

Z W/) +1
in the unknown electron density. For example, for the case
of five elements (y'max = 5) and five ions of each element
(/max(;) = 5), the polynomial would have five terms and be
of the 25th order in the unknown electron density. How-
ever, because of the manner in which the terms are written,
Ne

5 will be the highest power of the electron-density term.
As shown in Eq. (4), the mass action coefficients Kt(J) are

functions of the partition functions Qt(j) which are defined as

GfO')= Z ffi<J,n)exp[-Et(j9n)/kT]
'

(14)

for a gas obeying Maxwell-Boltzmann statistics; gt(j\n) is
the statistical weight of the nth energy level Efari) of the ith
ion of the yth element. The partition function is summed
theoretically for all values of the principal quantum number,
n, between the lowest quantum number nit corresponding to
the ground state energy level, and the so-called terminating or
cut off quantum number, nC9 corresponding to the lowered
ionization potential in a plasma.

One difficulty which arises in the evaluation of the partition
function for a plasma is that the series in Eq. (14) must be
truncated to include only those energy levels which are

below the effective ionization potential. The effective ioniza-
tion potential is somewhat below the ionization potential for
an isolated atom because of the interaction of charged particles
in a plasma. Electrons with energies higher than that
corresponding to the maximum principal quantum number nc
are considered to be free electrons.

Using the Debye shielding criterion,1'8'9 the series cutoff
quantum number is found to be

nei(j) = 36.11 x 103[Z2
eff(iJ)77^e + (15)

Zeff is the effective charge of an atom or ion as seen by an
excited electron, and Zt(j) is the effective charge corresponding
to the ith ion of element (;')• The effective charge is assumed
to be one for atoms, two for singly-charged atoms, etc. Im-
plicit in Eq. (15) is the assumption that highly excited atoms
and ions behave as hydrogenic atoms.

Since the cutoff quantum number is density-dependent, the
calculation of nc will be coupled to the iterative solution of
the highly nonlinear set of mass action Eqs. (3), the electron
density polynomial Eq. (13), and the partition function
Eq. (14). The calculation procedure normally adopted is to
assume a value of the cutoff quantum number with which to
calculate initial partition functions and mass action coefficients.
The electron density is then determined from a solution of
the electron density polynomial (13). Heavy particle number
densities are then calculated using the mass action Eqs. (3).
A new cutoff quantum number is calculated, and the procedure
continued until a convergent cutoff quantum number is
determined. This iterative procedure yields the plasma com-
position for a given temperature and total number density
of a known multielement gas.

During the course of the research study, it was found that
the metallic elements could be classified as aluminumlike
elements or ironlike elements. Aluminumlike elements are
defined as those metals for which the energy levels can be
classified simply in terms of the principal quantum numbers.
For these elements, Nci(j) is determined using the iterative
scheme described earlier. For the case of iron and ironlike
elements which exhibit very complex spectra and are difficult
to classify with respect to the principal quantum number, the
cutoff quantum number is set equal to the quantum number
of the highest observed energy level. For the ironlike elements,
the cutoff quantum number does not change as a function
of temperature and pressure. The partition function of the
ironlike elements is then only a function of temperature. Con-
sequently, the iterative loop on cutoff quantum number is
not needed for the ironlike elements.

Radiation from an LTE Optically-Thin Plasma

The radiation emitted from a unit volume of optically thin
plasma in local thermodynamic equilibrium is assumed to be
one of the following types : 1) line emission because of internal
(bound-bound) transitions in the atoms and ions, 2) contin-
uum emission because of electron-ion recombination (free-
bound) transition, and 3) continuum emission (bremsstrahlung)
because of electron-ion collision (free-free) transitions.

Line Radiation

Line radiation can occur when electrons make transitions
between bound energy levels of an atom or ion. Emission
of energy in the form of a photon of energy

hv(m,ri) = — Et(n) (16)

occurs when an electron makes a transition from a bound
level of higher energy, Et(m), to one of lower energy, Et(n).
v is the frequency, m and n are the principal quantum numbers
of the upper and lower energy levels, respectively, and Et(m)
is the energy in level m for a particle of ionization stage /.

As shown by Harwell, Reid, and Hughes,1 the total power
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radiated per unit volume per unit solid angle in the line at
freniiencv v is

the
frequency v is

hv (17)

where At(m9n) is the probability that a transition will occur
from energy level m to energy level n.

It is well-known that because of the interactions which
occur in a plasma between the emitting ions and atoms, the
transitions will not occur at one precise energy or frequency,
so that the energy in a given spectral line will be distributed
about a given frequency (or wavelength). The spectral line
is then said to be broadened and to possess a line shape or
profile L(y) such that the probability of emission in the frequen-
cy interval dv is defined as L(y) dv. L(v) is normalized such
that J Uy)dv = 1 . The power radiated per unit volume per
unit solid angle per frequency interval is

(18)
In addition to being broadened, the spectral line is shifted
from the isolated atom wavelength. The effects of broadening
and line shift will be discussed later.

Recombination Radiation

Recombination radiation is a form of continuum radiation
where an electron recombines with an ion in a lower stage of
ionization and a photon is emitted with energy

hv = Et(J9 GO) - Et(J9n) 4- \mev2 (19)
where ve is the electron velocity and Ei(j9n) is the bound state
energy level of the recombined electron ion.

As described in considerable detail by Harwell, Reid, and
Hughes,1 by requiring a balance between recombination and
ionization events in equilibrium, and relating the ionization
cross sections to transition probabilities, the recombination
radiation in the wavelength interval d\ per unit volume of the
radiating source per unit solid angle is found to be

P'jR(X)dX = [Et(j, oo)A:ri X

(20)

The gfb is the free-bound Gaunt factor and «min(/J) is defined
by

«2minOj) = nci\j) Et(J9 co)[nci
2(j)hv + Et(j, co)] (21)

The sum in Eq. (20) is carried out over all bound states
available to the recombining electron.

In the calculation of recombination radiation for this study,
the free-bound Gaunt factor was assumed to be 1 . Eq. (20)
was derived for the case of hydrogenic atoms and ions. For
nonhydrogenic atoms (which is probably the case for most
impact materials), the photoionization cross section must
be evaluated. As indicated in Ref. 1, only very few cases
have been considered even in an approximate theoretical
way. There are relatively few reliable experiments to assist
the theoretical development. Until additional theoretical
and experimental information becomes available, this hydro-
genic approximation for the continuum radiation should give
at least a first estimate of the emitted power resulting from
recombination radiation.

Bremsstrahlung

Bremsstrahlung results when an electron changes from one
free-energy state E(VI) to another free energy state E(v2) with
the emission of a photon of energy.

hv = E(Vi) - E(v2) (22)

Bremsstrahlung is caused by the deceleration of charged
particles in the Coulomb field of other charged particles.
The major contribution to this type of radiation for the plasmas
studied in this report is that due to electron-ion collisions.
Since there are an infinite number of initial and final states,
the radiation spectrum is continuous.

As derived in Ref. 1, the bremsstrahlung contribution to
the radiated power is given by

- - d\ (23)gtt

where gff is the free-free Gaunt factor which was assumed to
be one for the present calculation. As was the case for the
recombination radiation calculations, this expression was
derived for the case of hydrogenic atoms and ions.

Spectral Line Broadening and Line Shift

Spectral lines have shapes and widths that depend on the
environment of the emitting atom or ion in the plasma and
are strongly dependent on the pressure and temperature.
The broadening mechanisms which may be of importance
in a plasma are natural broadening, Doppler broadening, and
pressure broadening. Natural line broadening is the result
of the finite lifetime of the excited states and is usually quite
small. Doppler broadening is the result of the motion of
the emitting atom or ion and is most pronounced for spectral
lines of light elements at high temperatures and relatively low
electron densities. When the line profiles are determined
predominately by interactions of the emitting atoms or ions
with the surrounding particles, the broadening is called
pressure broadening. Pressure broadening may be subdivided
into 1) resonance, 2) Van der Waals, and 3) Stark broadening,
depending on whether the broadening is caused by interactions
with 1) atoms of the same kind (one of the states of the line
must interact with the ground state), 2) atoms or molecules
of different kinds, or 3) charged particles. Broadening by
neutrals is several orders of magnitude larger than that
due to charged atoms. For high enough electron and ion
concentrations (about 1% of the total density), the long
range Coulomb forces are dominant and only Stark broad-
ening need be considered.

Stark broadening can be calculated using the impact
approximation and the quasi-static approximations.6 A
theoretical treatment developed by Griem and co-workers6

that combines impact broadening to treat electron interac-
tions with the quasi-static approximation to handle the ion
interaction was used in these calculations. The result of
this theory for the reduced profiles of allowed components is

y <24>

where a - (c«F0
2/>v)3/4 and x = (A - A0 - d)/wX.

The asymptotic form (large x) of Eq. (24) is

y(*) = l/7rjc2 4- 3a/4*7/4 (25)

in the direction of the line shift and

y(jc)=l/7Tjt2 (26)

in the opposite direction.
Parameters which can be used for the determination of

approximate line profiles of some heavier elements have been
tabulated by Griem.6 The profiles are determined primarily
by electron broadening which results in an approximately
Lorentzian shape, whereas the ionic contribution causes some
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asymmetry in the profiles. For the cases where the following
conditions are satisfied

a - 8.0 X 10-2H>/A2(7» - 1/27Ve
2/3 > 1

^-9.0x 10-2AV/6r-1/2 <0.8

10-47Ve
1/4a<0.5

The total (half) half-width of atomic lines is approximately
given by

AAW =
[1 + 1.75 X 10-47Ve

1/4a(l - 0.068Are
1/6r-1/2)]10-16w7Ve

(27)

and the shift of the line is approximately

AAS =
[d/w±2.Q x 10-W4a(l - 0.0687Ve

1/6r-1/2)]10-16Hv?

(28)

w is the electron impact (half) half-width (at Ne = 1016cm~3),
A is the wavelength in A, a is the ion-broadening parameter,
d is the shift resulting from electron impacts, and /z is the
atomic weight. These formulas may also be applied to
singly ionized atomic lines if the factor 0.068 is replaced by
0.11.

In order to develop a tractable computer program to
handle Stark broadening, these shifts and widths were used
in a Lorentzian line profile. The total radiated energy in the
line was normalized to the unperturbed value, so that

•* unperturb — -**- I
Jo (A-A 0 - (AA W ) 2 (29)

where K is the normalization constant. The integral can
be evaluated to yield a numerical result for K

= /unperturbM (30)

The contribution of each spectral line to the total radiation
in a given spectral band is then given as

Jband ~ - (A - Ao - (31)

Results of Numerical Calculations

A computer program to determine the equilibrium com-
position of, and the total radiated power from multielement
metallic plasmas was utilized in the calculations for pure iron,
type 304 stainless steel, pure aluminum, and type 2024 and
type 6061 aluminum alloy plasmas. Since the numerical
calculations for pure iron and type 304 stainless-steel plasmas
essentially confirm the results obtained by Harwell, Reid, and
Hughes,1 only the results of the numerical calculations for
pure aluminum and aluminum alloy plasmas are presented
here. Numerical calculations were carried out over a range
of pressures from 1.0-100 atm and temperatures from 5000°K-
40,000 °K. For illustrative purposes, only typical data for
plasmas at a pressure of 10 atm are presented. The numer-
ical results are qualitatively similar for the other pressures
and lead to the same interpretation of the data. In some
cases discussed, it is necessary to present the results for a
given temperature and pressure. In those cases, the numer-
ical results are presented for a temperature of 10,000 °K. The
results are qualitatively the same at the other temperatures
considered, even though the magnitude of radiated power in
given spectral wavelength bands varied by a considerable
amount.

Pure Aluminum Plasma

Numerical calculations were carried out for a pure alumin-
um plasma consisting of neutral aluminum atoms and the
first three ions. The power radiated from a pure aluminum
plasma was calculated neglecting spectral line broadening
and shift, and then recalculated including these effects. Fig-
ures 2a and 3a present the computed results for the 10 atm-
104 °K case when broadening and line shift were neglected.
The radiated power has been summed in 100 A bands for
convenience. The particular wavelength range (4000-8000 A)
was chosen to correspond to the wavelength range and four
photomultiplier/filter wavelength intervals (4200-4450 A,
4600-5050 A, 5200-5450 A, and 5570-5980 A) corresponding
to available experimental data.10 Refer to the discussion
of the comparison between theory and experiment for a
consideration of the experimental transmission filter behavior
with wavelength. It is significant to note in Fig. 2a that the
magnitude of the power radiated in the spectral lines is
several orders of magnitude larger than the continuum
radiation in the wavelength intervals containing any spectral
lines. However, only a very few spectral lines for which
data are available (Table 1) contribute to the radiation in
the wavelength intervals of the experiments. For the case
of no broadening and shift, the radiation would appear to be
all continuum radiation in the wavelength range 4000-6000 A.
The total power radiated in each of the photomultiplier/filter
wavelength intervals of Table I is presented in Fig. 3a as a
function of wavelength and temperature for a pressure of 10
atm. Similar data for the case when broadening and shift
were included in the calculations is presented in Fig. 3b. The
various wavelength intervals are connected by straight lines not
to indicate radiation variation between the various intervals
but merely to connect the common temperature values.

The effects of line broadening and shift on the spectral
distribution are evident when a comparison is made between
Figs. 3a and 3b. The power radiated in the various intervals
of Fig. 3a is all continuum. From the computer output
data11 it can be determined that there are no shifted line
centers in the intervals of interest, but that the power radiated
in the "wings" of the broadened spectral lines (Al I lines
3944 and 3461 A) is sufficient to increase the power radiated
in the interval centered at 4325 A by two orders of magnitude.
This increase is in the necessary direction but is insufficient
to explain the previous lack of agreement between theory
and experimental data.1 There are less dramatic increases in
the intervals centered at 4825 A, 5325 A, and 5775 A. Broad-
ening and shift data for all of the aluminum spectral lines
were not available, and only those lines for which data were
available in Griem6 were included in the numerical model.
Since the inclusion of the effects of broadening and shift
is insufficient to explain the lack of agreement between theory
and experiment, it was necessary to include the effects of
impurities or elements other than aluminum in the materials
used in the experiments.

Multielement Aluminum Alloy (2024) Plasma

A five-element model containing 91 % aluminum, 5 % copper,
2 % magnesium, 1 % silicon, and 1 % manganese was chosen as

Table 1 Filter/detector wavelength intervals

Filter/detector Wavelength range (A) Center wavelength (A)

4200̂ 450
3820-4930
4600-5050
4250-5950
5200-5450
5570-5980
3820-7950
5950-7950

4325
4375
4825
5100
5325
5775
5885
6950
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Fig. 2 Power radiated in 100 A wavelength intervals at a pressure of 10 atm and a temperature of 10,000 °K (neglecting broadening and shift):
a) pure aluminum, b) 2024 aluminum plasma, and c) 6061 aluminum plasma.

*""
Uj

Q

f
«t

TEMPERATURE (I03°K)

——44———45———52———&
WAVELENGTH (IO2 ANGS7

(0a s)

WAVELENGTH (10* ANGSTROMS) WAVELENGTH (IO2 ANGSTROMS)
4O 44 48 52 9 56 60 64

WAVELENGTH (IOZ ANGSTROMS)
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representative of the type 2024 aluminum alloy used in the
experiments.10 Each of the elements was assumed to have
five species (neutral atom through the fourth stage of ioniza-
tion) except aluminum and copper which had four and three,
respectively. The spectral distribution of the radiated power
is presented in Fig. 2b when the effects of broadening and
shift were neglected. The total power radiated in the four
experimental photomultiplier/filter intervals is presented in
Fig. 3c. Data for handling the broadening and shift of
copper and manganese lines were not available, so that the
computations included only the shift and broadening of
aluminum, magnesium, and silicon.

When the results for the type 2024 aluminum plasma (Fig.
3c) are compared with the results for the pure aluminum plas-
ma, it is evident that the effect of impurities (inclusion of copper
magnesium, silicon, and manganese) is to increase the power
radiated by approximately two orders of magnitude over that
for pure aluminum in the wavelength intervals centered at
4325 A, 4825 A, and 5325 A. In the interval centered at
5775 A, the power is increased by about one order of magni-
tude. In addition to an increase in the radiated power, the
relative power radiated in the four intervals is altered so
that the "shape" of the spectral distribution curve is no
longer the same.

The effect of line broadening and shift is to increase the
radiated power in the wavelength interval centered at 5325 A,
whereas the radiation in the other intervals in virtually un-
changed from that of the 2024 alloy when the effects of
broadening and shift were neglected.

Multielement Aluminum Alloy (6061) Plasma

A five-element model containing 97.3% aluminum, 1.2%
magnesium, 0.8% silicon, 0.4% chromium, and 0.4% copper
was chosen as representative of type 6061 aluminum used
in part of the experiments.10 Aluminum, magnesium,
silicon, chromium, and copper were assumed to have three,
four, four, five, and two stages of ionization, respectively.

The spectral distribution of the radiated power is presented
in Fig. 2c for the case when line broadening and shift are
neglected. The total power radiated in the four photomulti-
plier/filter wavelength intervals is presented in Fig. 3d for
the same conditions as Fig. 2c.

The effects of impurities (constituents other than aluminum)
may be observed in two different ways. First, consider the
effect of impurity radiation when the effects of line shift
and broadening are neglected. The effect of the impurity
radiation is to increase the magnitude of the radiation in the
bands centered at 4325 A, 4825 A, and 5325 A, whereas that
in the band at 5775 A is increased only slightly. The shape
of the spectral distribution curve is changed from an "s" curve
to a shape possessing a peak at 4825 A. Radiation from the
alloy differs from that of pure aluminum, since chromium has
a multitude of spectral lines which contribute to the various
bands. In addition, a small contribution is made by a few
copper lines. The radiation from the impurity elements is
sufficient to alter the distribution, since the radiation from
pure aluminum is essentially all continuum radiation in the
four wavelength intervals of Fig. 3a.
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Impurity radiation effects can also be seen by comparing
the results of the calculations for pure aluminum and the
aluminum alloy when the effects of broadening and shift
are included. A comparison of the two curves labeled " B&S "
in Fig. 3d indicates that the power radiated in the wavelength
bands centered at 4325 A, 4825 A, and 5775 A increases very
slightly while the power radiated in the band centered at
5325 A increases by a factor of approximately five. This
increase in power can be attributed primarily to the radiation
in one magnesium spectral line which has its unshifted line
center at 5184 A.

The effects of line broadening and line shift on the radiation
from the 6061 aluminum plasma can be determined from a
comparison of the curves of Fig. 3d. A careful study of the
computer output data11 indicates that the gross differences
between the pure aluminum ("Pure Al B&S") and the 6061
aluminum ("6061 B&S") curves in Fig. 3d result from the
broadening and shift of just one magnesium line. A very
intense magnesium line with its unshifted line center at 5184 A,
which was not included in either of the wavelength intervals
centered at 4825 A and 5325 A, now has its line center wave-
length shifted to 5195 A which is only 5 A below the lower
wavelength limit of the interval centered at 5325 A. Because
of the broadening, this spectral line now makes a large
contribution to the radiated power in the interval centered at
5325 A.

Comparison of Theory and Previous Experiments

Typical experimental results obtained by Hull10 for 2024
aluminum projectiles impacting 6061 aluminum targets are
presented in Fig. 4 for various times after impact. As
stated in an earlier study,1 only the spectral distribution has
any meaning in the comparison between theory and experi-
ment since the mathematical model predicts the power
radiated from a unit volume of plasma. Unfortunately,
the experimental data were obtained prior to the beginning
of theoretical study of Harwell, Reid, and Hughes,1 so that
there was no way to determine the radiating volume of the
experimental plasma source.

Another problem in making a meaningful comparison
between the theoretical calculations and the available experi-
mental data is the manner which the experimental data10

were corrected for photomultiplier response and filter attenua-
tion of the emitted radiation. The experimental data were
reported after the filter response correction had been made.
Unfortunately, the response factors were assumed to be

PROJECTILE-- ALUMINUM
TARGET' ALUMINUM
LAB TIME (SEC X IO6)

3.2 - + -
2.8 -H-
4.0 -*-
2.4 -x-
2.0 -O-
52 -A-
6.O -Q-
1.2 -o-

flat-topped with a sharp cutoff at the wavelength edges of
the transmission region. However, it is known that there
was some radiated power transmitted in the wings of
the filter bands; e.g., the filter for the wavelength interval
4200^4-450 A transmitted some radiation in the wavelength
region below 4100 A. Since the radiation at the wavelengths
3944 A is many orders of magnitude larger than from other
known lines, even a small transmission factor of the filter would
allow a considerable amount of the radiation to be detected
by the photomultiplier. Since the photomultiplier/filter
response curves were available but the experimental measure-
ments and calculations were not, it was decided to apply the
transmission filter factors to the theoretical data so that a
meaningful comparison could be made.

A comparison between the theoretical calculations of
an aluminum plasma and a 6061 aluminum alloy plasma with
and without the effects of broadening and shift and the
experimental results can be made by referring to Fig. 5. First,
compare the calculated results for a pure aluminum plasma
with the experimental results presented in Fig. 4. The pure
aluminum results have been multiplied by a factor of ten to
permit ease of comparison. There is a notable lack of
agreement between the experimental results and the results
calculated for a pure aluminum plasma.

Next, compare the results for a pure aluminum plasma which
include the effects of broadening and shift (the curve labeled
" Pure Al B&S "). The results qualitatively agree somewhat
for the wavelength intervals centered at 4325 A, 4825 A,
and 5775 A. This improvement in agreement is explained
primarily by the inclusion of radiation from the 3944 A and
3961 A broadened lines of Al I. However, there is still a
definite lack of agreement for the wavelength interval cen-
tered at 5325 A.

As expected, the results computed for the 6061 aluminum
alloy when the effects of broadening and shift were neglected
(the curve labeled " 6061 Al" in Fig. 5) do not compare
favorably with the experimental results.

Finally, calculations were carried out for the 6061 aluminum
alloy in which the effects of line broadening and shift were
included (refer to the curve labeled "6061 Al B&S"). An
attempt was then made to determine whether similar curves
could be found in the experimental data that agreed qualita-
tively with the theoretical results. As shown by the curve
labeled "Experimental" in Fig. 5, curves of similar shape
could be found in both the theoretical and experimental
results. In general, curves of spectral distribution, at speci-
fied temperature and pressure, can be selected from the

V

(EXPERIMENT)

AL (B&S)

^6061 AL

5
WAVELENGTH

,
^ ANGSTROMS)

4X5 4825 5325 5775
WAVELENGTH (ANGSTROMS)

Fig. 4 Typical experimental data for aluminum-aluminum impacts.

Fig. 5 Comparison of theoretical power radiated from pure aluminum
and 6061 aluminum alloy at 10 atm, IO4 °K with and without broad-

ening and shift and the experimental data.
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theoretical results that agree qualitatively with the temporal be-
havior observed in the experiments. A more detailed know-
ledge of the experimental conditions will be required before
a more definitive qualitative agreement can be achieved.

Conclusions

A theoretical model which represents the hypervelocity
impact flash as radiation from multielement metallic plasmas
has been developed. Calculations were performed for
five element representations of type 2024 and type 6061
aluminum alloy impact plasmas. The effects of line broad-
ening and shift were included in the calculations.

In order to obtain qualitative agreement theory and experi-
.ment, it was necessary to include both the impurity effects
and the line broadening and shift effects. This study demon-
strated that the radiation emitted by a transient impact gas
cloud can be represented as radiation from a high-pressure
metallic plasma.

It was found that if the pure metallic gas has no strong
spectral lines in a given wavelength band, the power radiated
will be extremely sensitive to the addition of a few strongly
radiating impurities. For example, the radiation from a
6061 aluminum alloy plasma in one wavelength interval was
significantly increased because of the presence of a single
strong magnesium spectral line in that interval. In the case
of aluminum projectiles, it would be possible to enhance the
emitted radiation by the addition of a seed material with a
few strong spectral lines which are easy to identify. Such
seed materials could be, for example, magnesium, cadmium,12

cesium, or other strong line-radiating elements. Such
radiation enhancement could lead to a significant increase in
remote impact detection ability. The addition of other seed
materials could lead to a reduction of radiation which might
be of interest in some applications.

Additional research will be necessary before the calculations
can be easily reversed to yield the pressure, temperature, and

the physical properties of an unknown projectile-target
combination from a knowledge of only the radiated power.
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