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J. SPACECRAFT
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The composition equations were derived for a two-element metallic plasma in local thermo-
dynamic equilibrium. Calculations were carried out for aluminum, iron, and aluminum-iron
plasmas for pressures of 1,10, and 100 atm and temperatures of 5000°-40,000°K. Internal parti-
tion functions were calculated assuming series terminating quantum numbers determined by
applying the Debye shielding criterion. Spectral line radiation, recombination radiation and
bremsstrahlung were calculated in an attempt to predict impact flash. The radiated energy
was calculated as a function of wavelength and then summed over five wavelength intervals
corresponding to filter intervals used in some impact flash experiments. For the aluminum
plasma, quantitative agreement between theory and experiment could be obtained only by
inferring pressure broadening and line shift. Some qualitative agreement was obtained be-
tween the shape of the calculated spectral distribution curve for a pure iron plasma and the
experimental distribution curve for iron-iron impacts. For the case of aluminum-iron and
iron-aluminum impacts, theoretical spectral distribution curves could be selected that agreed
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qualitatively with the experimental results.

Introduction

HEN a hypervelocity projectile impacts a target, part

of its kinetic energy is converted into electromagnetic
energy which produces the so-called impact flash. Detailed
measurements and analysis of the flash can be used as a
diagnostic technique to provide information about the veloc-
ity,* size, and composition? of the projectile. MacCormack?
fired aluminum projectiles at aluminum targets and observed
the existence of spectral line radiation. Koehlert impacted
lead targets with various projectile materials and found that
the measured radiation was characterized by excitation of the
atoms of the projectile material. Koehler also observed con-
tinuum radiation emanating from the impact interface.
Jean and Rollins® observed line emissions, characteristic of
both projectile and target material, as well as continuum
radiation. They identified spectral lines that were character-
istic of ionized aluminum, cadmium, and magnesium in addi-
tion to those of the excited neutral atoms. Jean® photo-
graphed the flash produced by aluminum-aluminum impacts
and found that the radiation appeared to have been emitted
from a luminous metallic gas cloud produced at the projec-
tile-target interface (shown schematically in Fig. 1).

The theoretical model reported here assumes that the
radiation is emitted from a unit volume containing neutral
atoms, heavy positive ions, and electrons in local thermo-
dynamic equilibrium (LTE). In the actual impact event, the
plasma created will have spatial gradients in temperature,
pressure, and composition, and it probably will not be in
equilibrium due to the rapid expansion of radiating gas from
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the point of impact. However, a complete analysis of such a
nonequilibrium plasma would require a detailed knowledge of
the specific physical mechanisms and collisions occurring in
the radiating volume. Lacking such knowledge, it is reason-
able to assume that the actual nonequilibrium event can be
described by 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 were assumed to
be known or inferred from experimental data. In principle,
although experimentally measured radiation intensity data
can be Abel-inverted to yield the plasma density variation
with spatial location, this has not been accomplished for im-
pact flash data.

The assumption of LTE permits determination of the
population densities 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. For
moderately dense plasmas (N, 2 10% cm™%) at moderate
temperatures (T < 6 X 10%°K), the velocity distribution of
free electrons is almost always Maxwellian.7# The relative
total populations of successive stages of ionization are given by
the mass action or Saha equations. .

It is assumed that the distribution functions respond in-
stantly to any change in the plasma conditions and that each
collisional process occurs at the same rate as its inverse, so
that the principle of detailed balancing is satisfied. Another
requirement of the 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.’ For the electron
number densities of interest here (N, > 101 cm™), the elec-
tron equilibration times are considerably shorter than the
times required for equilibration of the bound energy levels of
the atoms and ions. As long as the collisional rates of energy
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transfer are much higher than the radiative rates of energy
transfer, the present LTE model should give reasonable esti-
mates of the energy radiated from an optically thin impact
plasma. This radiation was assumed to be one of the follow-
ing types: 1) line emission due to internal (bound-bound)
electronic transitions in the atoms and ions, 2) continuum
emission due to electron-ion recombination (free-bound)
transitions, and 3) continuum emission (bremsstrahlung) due
to electron-ion collisional (free-free) transitions.

Since all three types of emitted radiation depend on free
electron, ion, and/or neutral atom number densities, the first
step in developing & mathematical model of the impact flash
will be to derive equations for the plasma composition as a
function of local temperature and pressure. A two-element
(species A and B) plasma will be chosen so that the projectile
and target materials can be different. Once the composition
of the plasma is known, the radiation emitted in the form of
line radiation, recombination radiation, and bremsstrahlung
will be calculated. The numerical results for aluminum-alumi-
num, iron-iron, and aluminum-iron impacts will be presented
and compared with experimental data to the extent possible.

Loeal Thermodynamic Equilibrium (LTE)
Plasma Composition Model'

Charge neutrality requires that

N M
N, = ZliN,a(i) + Zl iNs(j) ®
i= J=

where N, is the electron number density; N and M are the
highest degrees of ionization attained for species A and B, re-
spectively; and 7 and j denote the degree of ionization, i.e., 1
denotes the singly ionized atom, 2 the doubly ionized atom,
etc. Conservation of heavy particle number density Nz
requires that Ny = N4 4+ N5 be constant for a given pressure
and temperature. Where

N M
Ni= Y Ns@) Nz= 2 Ns() 2
i=0 i=0
The total number density Nr is given as Ny = Ng + N..

The various number densities of the plasma are related by the
mass-action (Saha) equations

NAG@)NJ/NaG — 1) = K; =
QA(’L)

2(2rm kT /h?)3/2 — Qa6 — 1) exp{[Ia(t — 1) —~Is()1/ET} (3)
Ns()NJ/N3(G — 1) =
2(2rmeT/h2)3/2 _®:0) exp{lIs(G — 1) — 4
Qs(j — 1) FPBY

Is()V/kT}

where h is Planck’s constant, m, is the electron mass, k is
Boltzmann’s constant, T' is the temperature, and K, and k;
are the mass action coefficients fot species A and B, respec-
tively. The @’s are the internal partition functions for the
two species and the I’s are the relevant ionization potentials.
Using these relations, the expressions for the number densities
become

N4©) &

v I KOy L) 1

Ni@) = Nx() = II k(r)

The total particle density is then expressed as

NT=NH+Ne=aNH{[
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Fig. 1 Schematic representation of impact plasma
cloud.

where & = Na/Nyand 8 = Na/Ny (such that « + 8 = 1)
were introduced to permit relative amounts of species 4 and B
to be specified. Nz can be eliminated to yield an electron
density polynom1al that may be solved for any degree of
ionization of species 4 and B. In the calculation reported
here, A was chosen to be 3 whereas B was chosen to be 2.
For N = 3and M = 2, the following electron density poly-
nomial results:

ANE + ANF + AN + ANS + ANG +
AsNa + A7 =0 (6)

where

4, 1, 4: = (1 + &K, + (2 — o)k

A3 = (1 + 2a)K1K2 + 2K1k1 + (3 - 20[)]91](72 -
OZNTK1 — (1 - Oé)NTkl
A4 = (1 + 3&)K1K2K3 + (2 + a)Klekl +
(8 — a)kikiky — 2aN K\ K, — NrKiki —
2(1 - a)NTk1k2
A5 = 2(1 + a)KlKgKakl + 3K1K2k1k2 -
30[N1'K1K2K3 -_ (2 -_ a)NTK1k1k2 -
(1 + a)NzK Kok,
Ae = (3 + a)K1K2K:Jc1k2 - (1 + 2(1)K1K2K3k1NT -
2N 1K K okikos
A7 = — 2 + a)KiK:KshikoN 7

For specified temperature, total number density, types of
gases, and relative percentages of each gas present, the above
polynomial can be solved to yield the electron density, pro-
vided the partition functions are known. Once the electron
density is known, all the particle densities can be calculated
from Eqgs. (3) and 4).

On the basis of Maxwell-Boltzmann statistics, the internal
partition function of an atom or ion is

3> giln) explEi(n) /KT

Qi(n) = < <)
N 1 ¢
Il K
§1N°1TI=11 (r)]}—l—
Mj+1d
BN .4 {[1 + X I Ic(r)]/[l + Z H Ic(r)]} (5)
j=1 ¢ r=1 7‘1
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Fig. 2 Internal partition functions and compositions of
pure aluminum plasma.

where g:(n) is the statistical weight of the nth energy level
Ei(n). The partition function series is summed theoretically
over all values of the principal quantum number from the
lowest possible value corresponding to the ground state energy
level to the series terminating or cut-off principal quantum
number 7., corresponding to the lowered ionization potential
in a plasma. The Debye shielding criterion was used to eal-
culate the series terminating quantum number as!®

N+M /4
Ne = 3611 X 103 [Zefsz/<Ne + Z Zi2Ni>] (8)

where Z.s is the effective charge of the atom or ion. The ef-
fective charge was assumed to be one for atoms, two for
singly charged ions, ete.

One difficulty encountered in the calculation of the internal
partition functions was that energy terms in addition to those
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that have been observed experimentally?! were needed in the
computations. There was a significant lack of experimental
data at the higher quantum numbers. Since these upper
energy states are expected to contribute significantly to the
values of the partition functions, it was necessary to estimate
energy levels in some cases. A modified Rydberg extrapola-
tion technique was used to estimate the missing energy levels
for high quantum numbers of a fixed total configuration.
The mixing terms were predicted by an equation of the form

Em)=1—R/(n+ 3 am9s ©
=0

where B = 109,735 em™ is the Rydberg number for alumi-
num. A computer program was used to evaluate the co-
efficients ¢; in terms of known energy levels at the lower
quantum numbers. The integer p was usually taken to be
4 or 5. Once the set a; were found, the missing energy levels
E(n) could be determined as a function of the principal quan-
tum number. It was also necessary to estimate energy levels
for higher states of a given fixed principal quantum number.
An atom and ion having the same number of orbital electrons
form an isoelectronic sequence, all members of which exhibit
similar spectra. The unobserved energy terms of one member
of the isoelectronic sequence was estimated by comparison
with the observed energy levels of other members of the
sequence. For large values of the quantum number, the
hydrogenic approximation

E(m) =1 — I/n? (10)

was employed in the calculations.

A computer program was developed to determine the
equilibrium composition of aluminum and iron plasmas.
Since the cut-off quantum number presupposes a knowledge of
the particle number densities and vice versa, the composition
calculations involve the iterative solution of the partition
function equation, cut-off quantum number relation, electron
density polynomial, and Saha equations. In order to start
the iterative solution procedure, an initial value of the series
cut-off quantum number was assumed, and then the partition
functions and lowered ionization potentials were used to cal-
culate the mass-action coefficients. By experience it was
found that a cut-off quantum number of 20 was a good first
estimate for neutral aluminum. The electron density and the
heavy particle densities were determined using the assumed
mags-action coefficients. The cut-off quantum number was
then recomputed and compared with the assumed value. If
the values were not the same, a new value was assumed and
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Fig. 4 Power radiated from a pure aluminum plasma in

the interval 5570-5980 A.

the iterative procedure was continued until the assumed and
calculated values were the same. This method yielded the
cut-off quantum number, internal partition function, and
number density for each species.

Radiation from LTE, Optically Thin
Metallic Plasma

Line Radiation

The power radiated per unit volume in the spectral line
centered at the frequency » is

P.i(y) = hvA.(m,n)N.(m)

where A.(m,n) is the probability that a transition will occur
from energy level E(m) into energy level E(n), and N.(m) is
the number density of radiators in energy level E(m) of specie
2. The excited state number density N.(m) is related to the
total number density of the atom or ion by the Boltzmann
equation N.(m) = (N./Q.)g.(m) exp[—E.(m)/kT] so that

P2(y) = (hv/4m)(N./Q:)g.(m)A(mn) exp[—E.(m)/kT] (11)
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is the total power radiated per unit volume per unit solid
angle in the spectral line centered at the frequency ».

Because of the interactions between the emitting atoms and
ions in a plasma, 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 wave-
length). The spectral line is then said to be broadened and to
possess a line shape or profile L(»), such that the probability
of emission in the frequency interval dv is L(»)dv where
SJL()dv = 1. In addition to being broadened, the spectral
line is shifted from the isolated atom wavelength. The ef-
fects of broadening were not included in the general over-all
radiation energy analysis, but some approximate equations
developed by Griem® were used to calculate the effects of
broadening and shift for two groups of aluminum lines as dis-
cussed later. In the present radiation model, all the spectral
line radiation was summed within a given wavelength inter-
val, so that the total energy radiated in the unshifted and
nonbroadened lines, as calculated using Eq. (11), is the same
as for the shifted and broadened lines except for the lines near
the end of the wavelength intervals. Measured transition
probability data'4—2" were utilized where possible. To sup-
plement the sparse measured data for aluminum, a few theo-
retical values calculated by Griems were used.

Recombination Radiation

Recombination radiation occurs when an electron recom-
bines with an ion to form an ion in a lower state of ionization z
and a photon is emitted with energy hv = I, — E.(n) +
3im.?, where v, is the electron velocity and E.(n) is the bound
energy level of the recombined electron and ion. 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 dv per unit volume of the radiating
source per unit solid angle is found to be?8:13

16€*h(Zets) NN,
PR dN = g o Uo/KT 12 exp(—he/NKT) X
&, g Iz _ Ez(n)
E 71’;” exp [———kT dx (12)

gss is the free-bound Gaunt factor (assumed to be unity in the
calculations), n is the principal quantum number, and %min is
defined as

Nmin = nc[Iz/(ncth + Iz)]llz

Equation (12) was derived for the case of hydrogenic atoms
and ions. For nonhydrogenic atoms and ions, the recombi-
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Fig. 6 Typical experimental results for aluminum-
alnuminum impacts.

nation cross sections must be known. However, there were
very little information and data available; so that the hydro-
genic approximation should yield at least a good first estimate
of the emitted energy due to recombination radiation.

Bremsstrahlung

Bremsstrahlung results when an electron makes a transition
from one free energy state to another free energy state due to
an encounter with another particle. In the present case, the
major contribution to this type of radiation is due to electron-
ion collisions. The bremsstrahlung contribution to the
radiated power becomes??

8e*hZes NN,

PP dN = 37(3) e A2 (L/kT)Y2 exp(I./nkT) (13)
grs exp(—he/NeT)dA
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Fig. 7 Internal partition functions and compositions for
pure iron plasma.

where g;, is the free-free Gaunt factor (which was assumed to
be one in the calculations).

Numerical Results for Aluminum Plasma

For total pressures of 1, 10, and 100 atm and temperatures
(T) between 5000° and 40,000°K, spectral line radiation, re-
combination radiation, and bremsstrahlung were calculated
for the wavelength interval of the experiments of Reid, Har-
well, and Hughes.? The total power radiated was then calcu-
lated for four wavelength bands corresponding to the nor-
malized spectral widths of the experimental band pass
filters.?
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Fig. 8 Total power radiated from a pure iron plasma at 1 atm in the wavelength intervals a) 4200-4450 A, b) 4600~5050 A,
c) 5200-5450 A, and d) 5570-5980 A.



APRIL 1971

\ 0"
- 3.
o — \r/l03 oy | 7007 K
. .,
5"
\ O \
20 - »
o 107 25 ,/ .\-'
— \ 30 '\ \
— \

€
L

©

o /\ 225 35 . .
./‘,\\'30 40 /\\

POWER RADIATED (ERGS,”SEC cM>)

_— 35
iE \/ 40 o . .—< .
4000 5000' 6000 4000 5000 8000
A(4) A

Fig. 9 Power radiated from a pure iron plasma at 1 atm
and 10 atm, respectively.

The internal partition functions and compositions caleu-
lated for a pure aluminum plasma are presented in Fig. 2.
The partition function increases with 7 as the higher bound
energy states are populated. For AlLV, it is essentially con-
stant for the temperature range considered.

The total energy radiated from a unit volume of plasma, per
unit time per unit solid angle was calculated for the wave-
length intervals 4200-4450 A, 4600-5050 A, 5200-5450 A,
and 5570-5980 A corresponding to the wavelength intervals
of filters utilized in the experiments.? Since there are several
significant spectral lines of aluminum in the interval 3820—
4200 A, numerical calculations were also carried out for this
wavelength interval, even though it does not correspond to an
experimental one. For purposes of discussion, the I-atm case
will be chosen to describe the pertinent details of the line and
continuum radiation results. The results of the computations
are presented in Figs. 3-5. Similar results were obtained at
pressures of 10 and 100 atm.

For the first wavelength interval (3820-4200 A), as shown
in Fig. 3a, at T < 20,000°K, the radiation is predominately
that due to line radiation from neutral aluminum (AIl). The
power radiated at 3944 A and 3961 A is one to three orders of
magnitude greater than that due to continuum radiation for
T < 20,000°K. The total radiated power decreases as tem-
perature increases for T < 20,000°K, because the number of
radiating neutral atoms decreases (Fig. 2). As T continues
to increase, the relative importance of the All spectral lines is
diminished, while the significance of the singly ionized (AlIT)
and doubly ionized (AIIII) spectral lines increases. For the
wavelength interval being considered, AIII had only one
significant spectral line at 4026 & for which transition prob-
ability data were available. The AIIII spectral lines 3981 A
and 4150 A dominate the radiation behavior above 20,000°K.
Throughout the entire temperature range, the continuum
radiation is almost negligible compared to the line radiation.

As indicated in Fig. 3b for the wavelength interval 4200
4450 A, the emitted radiation is due principally to recombina-
tion radiation and bremsstrahlung below 25,000°K, since
there were no significant All or AlII spectral line data avail-
able for this wavelength interval. Above 25000°K, the
radiation is primarily that of AITIT spectral line radiation at
4357 A and 4365 A. In a similar manner, the radiation in the
interval 4600-5050 A (Fig. 3c¢) is primarily continuum radia-
tion below 25,000°K and AIIII line radiation at 4702 A and
4904 A above this temperature. Radiation at 4998 A (AIIT)
was negligible for all temperatures considered. The total
radiation in the fourth wavelength interval 5200-5450 A
(Fig. 3d) is primarily continuum radiation with relatively
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Fig. 10 Compositions of aluminum-iron plasma at 1, 10,
and 100 atm, respectively.

small contributions from the AIII spectral line 5388 A be-
tween_15,000°K and 30,000°K and the AIIII spectral line
5261 A between 25,000° and 40,000°K.

In the fifth wavelength interval, 5570-5980 A (Fig. 4) line
radiation predominates. There are several strong AIII spec-
tral lines. The most significant one is located at 5593 A.
Above 25,000°K the AIIIT spectral lines 5696 A and 5723 A
provide most of the radiation. For completeness, it should
be observed in Fig. 4 that there are significant spectral lines
outside the five wavelength regions. All has two relatively
strong lines at 5557 & and 5558 A, which may be significant
at low temperatures. AlIIT lines at 4529 A and 4512 A are
significant contributors to the radiation above 20,000°K.

In order to visualize the relative significance of the power
radiated in the five wavelength intervals, the total power
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Fig. 11 Power radiated from an aluminum-iron plasma
at 1 and 100 atm, respectively.

radiated is presented in Figs. 5a, b, and ¢ as a function of A
for pressures of 1, 10, and 100 atm, respectively. 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.

Comparison of Theory and Previous Experiments,
Aluminum-Aluminum

Typical experimental results obtained by Hull? for alumi-
num-aluminum impacts are presented in Fig. 6. Curves of
spectral distribution, at specified temperature and pressure,
can be selected from the theoretical results that agree quali-
tatively with the general temporal behavior observed in the
experiments. Only the spectral distribution has any meaning
in this comparison. The mathematical model predicts the
power radiated from a unit volume of plasma. Since there
was no way to determine the radiating volume of the experi-
mental plasma source, a comparison of the magnitudes was
not meaningful.

For the pure aluminum case, it would appear that there is
no agreement between the experimental data (Fig. 6) and the
theoretical calculations (Fig. 5). However, if the pressure is
sufficiently high, there could be enough broadening and shift
of the strong spectral lines below 4200 A to inerease the power
radiated in the wavelength interval 4200-4450 A above that
of the 4600-5050 A interval. Approximate broadening equa-
tions developed by Griem? were used to calculate the broaden-
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ing and shift of two groups of aluminum lines (3944-3961 A
and 5557 &) for pressures of 1, 10, and 100 atm. The most
prominant ones, 39044 and 3961 A, have line half-widths of
about 10 A and 100 A and line shifts of 5 A and 50 & for pres-
sures of 10 and 100 atm, respectively. The lack of over-all
agreement may also be due to the manner in which the ex-
perimental data were corrected for photomultiplier response
and filter attenuation of the emitted radiation. The filter
response factors were assumed to be flat-topped? with a sharp
cut-off at the wavelength edges of the transmission region.
However, there was some radiated power transmitted in the
wings of the filter bands, e.g., the filter for the wavelength
interval 4200-4450 A transmitted some radiation in the wave-
length region below 4100 X.2 Since the radiation at the
wavelengths 3944 A and 3961 A is many orders of magnitude
larger than from the other known lines, even a small trans-
mission factor of the filter would allow a considerable amount
of the radiation to be detected by the photomultipliers. If
only a small part of the power radiated in the first wavelength
interval of Fig. 5 is put into the second interval, the radiated
power in the second interval could then be larger than that in
the third interval. Similarly, a shift of the strong AIIII lines
from the third interval would lead to a sighificant decrease in
radiated power in the third interval and an increase in the
fourth interval. Since the line shift at long wavelengths is
much larger than at short wavelengths, some of the lines in
the fifth interval would be shifted outside the range of detect-
ability of the photomultiplier. Possible qualitative agree-
ment could be achieved in this manner; however, since the
pressure broadening and line shifts are vital to this argument,
and since they were not included in the theoretical calcula-~
tions, no further attempt was made to resolve the lack of
agreement.

It should be emphasized that the experimental projectiles
and targets were not pure metals. The aluminum projectiles
contained 3.8-4.9%, Cu, 1.2-1.89, Mg, and several other im-
purities. Copper has several strong spectral lines in wave-
length bands where there were no aluminum line data. This
may be one possibie explanation for the disagreement between
the theoretical calculations for aluminum and the experi-
mental data.

Numerical Results for Pure Iron Plasma

Calculated internal partition functions and compositions
are presented in Fig. 7. Since the partition function series for
pure iron was summed over all observed energy levels, the in-
ternal partition function for iron did not change with pres-
sure. The results of the calculations of total power radiated
are presented in Figs. 8 and 9. For all wavelength intervals

7107w
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Fig. 12 Power radiated in the wavelength intervals a) 3820-4200 A, b) 4200~4450 A, c) 4600-5050 A, and 5200-5450 A.
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Fig. 13 Power radiated in the wavelength interval 5570~
5980 A from an aluminum-iron plasma.

the dominant source of radiation for low temperatures is line
radiation from the neutral iron (Fel) atoms. The total line
radiation included contributions from 211 lines of Fel and 3
lines of Fell. There were no available transition probability
data for Felll. In the wavelength interval 4200-4450 A,
the Fell 4233 A line radiation is larger than the Fel radiation
for T > 20,000°K. In the range 15,000° < T < 30,000°K,
the predominant source of radiation in the wavelength inter-
vals 46005050 & and 5200-5450 A is that of Fell line radia-
tion at 4587 A and 5316 A, respectively. Above 30,000°K the
dominant type of radiation appeared to be continuum radia-
tion. However, there were no available transition prob-
ability data for Felll, so that this may not actually be the
case when data become available.

Numerical Results for Aluminum-Iron Plasma

For plasmas with equal numbers of aluminum and iron
particles, the internal partition functions were essentially the
same as those for the pure iron and pure aluminum cases.
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The results of the number density calculations are presented
in Fig. 10.

The spectral distribution of the energy radiated from an
aluminum-iron plasma is presented in Fig. 11 for pressures of
1 and 100 atm. Comparison of Fig. 11 with the correspond-
ing figures for the pure metallic plasma cases shows that the
shapes of the spectral distribution curves are similar to the
pure iron case at low temperatures and to the pure aluminum
case at the higher temperatures. This effect is shown more
dramatically in Figs. 12 and 13; it may be due principally
to the fact that there are many more lines available for Fel
than for All and that the effect of aluminum is not really sig-
nificant until the AHIII spectral line contributions become
large at T' > 20,000°K. R

For the first wavelength interval (3820-4200 A) of Fig. 11a
plotted as a function of temperature in Fig. 12a, the total
radiation in the first interval, Er(1), for T < 20,000°K is that
due to line radiation from All and Fel. The Fel line radiation
is about a factor of two larger than the AlI radiation at the
lower temperatures. Above 20,000°K the AIITI spectral
lines at 3981 A and 4150 & produce most of the total radia-~
tion. The characteristic behavior of E+(1) with temperature
is similar to that of the pure aluminum case in spite of the
large Fel contribution.

As indicated in Fig. 12b, at low temperatures, the energy
radiated in the second wavelength interval Er(2) is pre-
dominantly that from Fel line radiation. Between 20,000
and 25,000°K, the Fell spectral line at 4233 A becomes the
predominant source of radiation. Above 25,000°K, the AIIII
spectral lines at 4357 A and 4365 A furnish most of the radia-
tion. As is the case of the second interval, Ez(3), as shown in
Fig. 12¢, is due mostly to Fel line radiation at T < 15,000°K,
to the Fell 4587 A spectral line for 15,000° < T < 25,000°K,
and to AIIII spectral lines at 4702 A and 4904 A for T >
25,000°K. The continuum radiation is also significant in
this wavelength interval. The situation is virtually the same
for the fourth interval. As presented in Fig. 12d, Er(4) is
primarily Fel line radiation up to 15,000°K, mostly 5316 A
FelI line radiation from there to 25,000°K, and continuum
radiation at T > 25,000°K. For the fifth wavelength inter-
val, E7(5) is presented in Fig. 13. Except for T < 15,000°K,
the radiation is primarily that from the aluminum constitu-
ents.

Comparison of Theory and Previous Experiments

Experiments were carried out by Hull? for iron-iron, iron-
aluminum, and aluminum-iron impacts. In an attempt to
correlate the experimental data with the theoretical model, it
became obvious in most cases for steel-steel impacts that the
measured intensities in all four wavelength intervals (cen-

Fig. 14 Experimental spectral dis-
tributions for a) stainless steel-
stainless steel, b) aluminum-stain-
less steel, and c¢) stainless steel-
aluminum impacts.?
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Fig. 15 Calculated spectral distribution for aluminum-
iron plasma.

tered at 4325 A, 4825 &, 5325 &, and 5825 &) decrease with
time after an extremely short time interval (<0.4 usec in the
case of Fig. 14a). It can be seen from Fig. 14a that the power
radiated in the wavelength interval centered at 4325 A is
initially much larger than that of the other intervals and de-
creases rapidly with time. An attempt was made to deter-
mine whether similar curves could be found from the theoret-
ical results that would qualitatively agree with the temporal
behavior of Fig. 14a. A comparison of Figs. 9b and 14a indi-
cates that there is qualitative agreement if the temperature is
low (~10% °K or less) or the pressure is high.

For the mixed case (aluminum-steel and steel-aluminum),
the theoretical curves of Fig. 15 (selected from the theoretical
results) qualitatively agree with the experimental data pre-
sented in Figs. 14b and 14¢. This simply means that curves
of similar shape could be found in both the experimental and
theoretical results.

Conclusions

Qualitative agreement between the spectral distribution
calculated for a pure aluminum plasma and the experimental
values for aluminum-aluminum impacts was not achieved.
Some qualitative agreement could be inferred if the plasma
pressures were high enough to lead to considerable line shift
and broadening. In addition, impurities in the experimental
material could produce enough radiation to alter the over-all
distribution of radiated power.

Some qualitative agreement between the spectral distribu-
tion calculated for a pure iron plasma and the experimental
values for an iron-iron impact was attained. Comparison of
the calculated results for the aluminum-iron case with the ex-
perimental data for aluminum-iron and iron-aluminum im-
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pacts indicated that agreement could be achieved if the
plasma pressures were quite high. For high pressures, inclu-
sion of line shift and broadening in the analytical model could
lead to better qualitative agreement.

Even though these calculations were carried out for opti-
cally thin LTE metallic plasmas, they should provide data
which will assist in the understanding of the impact flash
produced in hypervelocity impacts. Improvements in the
model such as the inclusion of more elements and the effects
of pressure broadening and line shift are planned which
should lead to better agreement between theory and experi-
ment.
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