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with array diameter and mass for aluminum imploding-wire plasmas

M. Gersten, W. Clark, J. E. Rauch, G. M. Wilkinson, J. Katzenstein,* and R. D. Richardson’
Maxwell Laboratories, Inc., San Diego, California 92123

J. Davis, D. Duston, J. P. Apruzese, and R. Clark
Naval Research Laboratory, Washington, D.C. 20390
(Received 26 July 1984; revised manuscript received 8 July 1985)

A series of five aluminum imploding-wire experiments were performed to investigate the depen-
dence of plasma temperature, density, size, and x-ray emission above 1 keV on the initial wire-array
diameter and mass per unit length. The plasmas were created by imploding cylindrical arrays of
fine wires with the Blackjack 5 pulse generator. In these experiments the array diameter and mass
per unit length were varied by factors of 2 and 4.5, respectively. The electron temperatures were
determined from the slope of the free-to-bound continuum, the intensity ratios of selected x-ray-
emission lines and strength of the continuum edges. The line ratios were interpreted by means of a
collisional radiative equilibrium model. Plasma ion densities were obtained from the total x-ray
emission above 1 keV. The size of the plasma that emits above 1 keV was inferred from x-ray
pinhole photographs and from measurements of the line broadening caused by the finite source size.
As the initial diameter of the wire array was increased, the array mass was decreased in order to
maintain constant implosion time and optimum energy coupling from the pulse generator to the
load. The larger-diameter, lower-mass arrays produced larger-diameter, higher-temperature, lower-
density plasma pinches. With the simultaneous increase in array diameter and decrease in array
mass, the electron temperature increased from 0.5 to 0.8 keV, the ion density decreased from
410" to0 0.13x 10" cm~3, the diameter of the plasma column increased from 1.2 to 5.5 mm, and
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the x-ray emission above 1 keV decreased from 20 to 0.45 kJ.

I. INTRODUCTION

The spectroscopy of single exploding-wire plasmas,' —>
multiple imploding-wire-array plasmas,"*~% and gas-jet
plasmas’ has been investigated in some detail. The elec-
tron temperature, ion density, and size of the pinch creat-
ed by imploding plasmas have been characterized for
several different elements for a limited range of initial ar-
ray parameters. The variation of electron temperature
with driving power for constant array conditions has been
described for titanium plasmas,® as has the temperature
scaling in aluminum plasmas, when the initial array diam-
eter is held constant and the mass per unit length is
varied.” However, changing the mass per unit length
while holding the array diameter constant can result in
significant changes in the coupling between the pulse gen-
erator and the imploding-wire load.'® In this formulation,
the coupling of power and energy from a pulse generator
to an imploding-plasma load may be calculated in terms
of the dimensionless variables
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In these expressions, the quantity ¥V, is the rms open-
circuit voltage, Z, is the characteristic impendence, N is
the number of wires, /, ry, and m are the length, initial ra-
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dius, and total mass per unit length of the wire array, and
L, is the sum of the inductance of the vacuum transmis-
sion line (VTL) which connects the pulser to the load and
the initial (resting) inductance of the load. For a given
value of the parameter B, a quantity called the power-
amplification factor (Pap) [Pap=Imvsvs/( Vi/aZ,),
where vy is the final radial velocity of the imploding plas-
ma], which is the ratio of the time derivative of the kinet-
ic energy at the end of the implosion to the instantaneous
power the generator could deliver to a matched load, de-
pends only on the coupling parameter 4. The P,g pro-
vides a convenient measure of the coupling between an
imploding plasma and the driving electrical pulse genera-
tor. For constant B, this coupling is optimized by choos-
ing a value of the parameter 4 which maximizes the Pup.
For a constant driving power and constant imploding-
plasma length, an optimum value of 4 can be maintained
as the initial array radius is changed by keeping the prod-
uct rim constant. In this paper, a series of five aluminum
wire-array implosions are described, where this product
was held approximately constant while the array diameter
was increased by a factor of 2 and the mass unit length
was decreased by a factor of 4.5. This resulted in a signi-
ficant decrease in the mass involved in the implosions and
a resulting increase in the amount of energy available per
atom. The x-ray emission from the plasmas was analyzed
to determine the effect of the changes in the array diame-
ter and mass on the temperature, density, size of the plas-
ma pinch, and total x-ray emission above 1 keV.
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II. EXPERIMENT

The Blackjack 5 pulse generator consists of a water
dielectric pulse line driven by a 2.1-MJ oil-insulated Marx
generator.!! At full power the generator produces ~ 10
TW of electrical power. For a typical imploding-plasma
load with ~20 nH inductance in the VTL, the generator
produces a peak voltage at the entrance to the VTL of
~3.0 MV. This peak is followed ~40 ns later by a peak
current of ~4.6 MA. For the experiments described here,
the generator was operated at a nominal peak power of
~4.5 TW. The generator load consisted of a cylindrical
array of aluminum wires located at the center of the con-
verging VTL geometry. The current from the pulse gen-
erator ionized the aluminum wires and caused them to
implode to form a dense pinch near the axis of the
cylindrical array fixture. As described above, the array
diameter and mass were chosen so that optimum energy
coupling was obtained between the pulse generator and
the plasma load.

Spectra of the x-ray emission above 1 keV from the im-
ploding plasmas were measured with a KAP (KAP
denotes potassium acid phthalate) convex curved crystal
spectrograph. The radiation was simultaneously diffract-
ed by the (001), (002), and (013) planes of the KAP crystal
and recorded on Kodac No-Screen x-ray film. The expo-
sures were converted into relative intensities by taking
into account the film response,'>!* filter transmission,'*
crystal efficiency,'® and experimental geometry.

The total x-ray emission above 1 keV, which corre-
sponds mostly to K-shell transitions, was measured with a
thin-foil calorimeter (0.42 g/cm? tantalum) using a fine-
wire (0.025 mm in diameter) Chromel-Constantan ther-
mocouple temperature sensor. In order to discriminate
between the large amounts of radiation produced at pho-
tons energies below that of the K-shell regime, a compos-
ite filter of 0.567 mg/cm? polycarbonate (aluminized) and
0.879 mg/cm? Mylar (aluminized) was used between the
source and calorimeter. The effective transmission of a
typical aluminum spectrum above 1 keV, such as that
shown in Fig. 4, through this filter was about 0.5. The
fluence measured in this manner was viewed at right an-
gles to the axis of the plasma pinch and the equivalent
source strength was obtained by multiplying the filter-
transmission corrected fluence by 4 times the distance
squared.

The electron temperatures in the plasma were deter-
mined from the slope of the free-to-bound continuum and
from comparison of the values of measured and calculated
line ratios. The temperature-sensitive line ratios used
were the ratio of the H-like (1s—2p2P) to He-like
(1s’~1s2p 'P) and the H-like (1s—3p?P) to He-like
(1s>—1s 5p 'P) transitions.

For aluminum emission above 1 keV and the convex
geometry used in the spectrograph, the (001) plane of the
potassium acid phthalate (KAP) crystal has low resolution
and low reflectivity. However, the radiation diffracted by
the (001) plane is not overlapped by radiation diffracted
by other planes. This latter feature is important for mea-
surements of electron temperature from the slope of the
free-to-bound continuum. The (002) plane is character-
ized by medium resolution and low reflectivity, and the

(013) plane by high resolution and high reflectivity. By
making use of all three planes, an optimum combination
of resolution, lack of overlapping orders, and redundancy
for cross-checking measurements can be achieved. Based
on this approach, the slope of the free-to-bound continu-
um was determined from the (001) plane, the
JH—like( lS-—Zp ZP)/JHe.m(e( 1s2—1s 2p lP) intensity ratios
were determined separately from the (002) and (013)
planes, and the & el 15—3p *P)/F yeike( 152 =15 5p ' P)
intensity ratios were determined separately from the (013)
and (001) planes. The line ratios given in Table III are
averages of measurements from two planes, and the corre-
sponding error bars are the deviations of the two separate
measurements from the average. Where no error bar is
given, the line ratio was available from only one plane.
The error bars in the temperature measurement corre-
spond to the error bars associated with the line ratios.

The theoretical calculations of line ratios assume an iso-
thermal, isodense plasma in collisional-radiative equilibri-
um (CRE) and take into account opacity effects.!® Calcu-
lations of line ratios as a function of temperature were
performed for each of the five cases studied experimental-
ly. The size of the plasma column as determined from x-
ray pinhole photography and the ion density, as deter-
mined from the total x-ray emission above 1 keV, were
used in computing opacity effects. The calculated line ra-
tios are shown in Figs. 1 and 2. The differences between
the five curves (four curves in Fig. 2) are due primarily to
varying collisional and opacity effects for each of the im-
plosions. For the plasma discussed here, the optical depth
at the center of the Al X11 15?—1s2p 'P line is between 32
and 155 (see Table IV).

To compute the synthetic spectra we have used a mul-
tifrequency radiative transfer model.!” It differs from the
line-ratio calculations in that the spectral lines and the
continuum are subdivided into many frequencies to allow
self-consistent computation of continuum slopes and line-
continuum interactions. Frequency-integrated escape
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FIG. 1. S yiie(1s—2p 2P)/F Heaike( 15°—152p 'P) line ratio
versus electron temperature for the implosions discussed. The
calculations take opacity effects into account and were per-
formed for each case individually using the density and size in-
formation given in Tables III and IV.
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FIG. 2. Siikel15—3p *P) /I yeaikel 1s>—1s 5p 'P) line ratio
versus electron temperature for the implosions discussed. The
calculations take opacity effects into account and were per-
formed for each case individually using the density and size in-
formation given in Tables III and IV.

probabilities are not employed in these latter studies (since
they are not necessary with a multigroup approach), but
angular effects in cylindrical geometry are treated for
each frequency using the algorithm of Ref. 18.

The ion densities were determined by comparing the to-
tal x-ray emission above 1 keV measured by thermocouple
calorimeters with the total x-ray emission above 1 keV as
a function of ion density calculated from the collisional-
radiative model. These calculations used measured values
of electron temperature, size of emitting plasma, and x-
ray pulse duration. Another technique which has been
used in the past to determine density involves measure-
ments of density-sensitive line ratios. Examples of this
technique include measurement of the intensity ratio of
the dielectronic satellites'~2! 7. jue(1s2p *P—2p?3P)/
S Hetike( 152p 3S—252p 3P) and measurement of the He-
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like resonance to intercombination'®* .y, jie(1s?

—152p 'P) /7 jerikel 15> —15 2p *P) intensity ratio. Howev-
er, the dielectronic satellites cannot be used for aluminum
for ion densities below ~10?° cm~3. The latter line ratio
can be useful for aluminum for ion densities above 10"
cm™°. However, intense satellite lines, which are un-
resolved from the resonance line and the multivalued den-
sity determination in optically thick plasmas,’? introduce
large uncertainties. Since some implosions involved ion
densities less than 10" cm™3, and opacity effects were
large, the line-ratio methods were not useful in these ex-
periments. The series-merging technique’>~2° has been
used to estimate densities based on Stark broadening.>*’
However, because the size of the plasma was large in some
of the experiments reported here, the line broadening due
to the finite size of the plasma source was larger than that
due to Stark broadening.?® As a result, the series-merging
technique could not be used.

The size of the plasma column that corresponds to x-
ray emission above 1 keV was estimated from x-ray
pinhole photographs. The lateral extent of the plasma
was estimated from the line broadening caused by the fin-
ite source size.?® This latter estimate was made by
measuring full width at half maximum (FWHM) for two
isolated spectral lines resulting from the H-like
(1s—3p2P) and H-like (1s—4p 2P) transitions. The two
additional major line-broadening mechanisms for these
lines are (1) line broadening due to the crystal rocking
curve, and (2) Doppler broadening. By appropriately
deconvolving the line broadening due to the crystal rock-
ing curve?’ and to the Doppler effect, and by using the
formula in Ref. 26, the lateral extent of the plasma was
obtained. It is slightly larger than the plasma diameter as
determined from x-ray pinhole photographs. This is to be
expected since kinks in the plasma column increase the ef-
fective width as determined from source-size broadening.

III. RESULTS

Table I summarizes the normalized initial wire-array
diameter d,, and normalized mass per unit length m for
the five aluminum imploding-wire shots of interest. Also

TABLE 1. Normalized initial wire-array diameter, d,, and normalized mass per unit length, m, for
five aluminum imploding-wire experiments. Also shown are measured peak values of the voltage at the
entrance to the VTL, V.., and the load current, I,,. Calculated values of the power-amplification
factor, P4F, are shown for optimum coupling conditions, Pagmax), and actual experimental conditions,

PAF(acl)-
Implosion dy Vmax I nax
no. (normalized)® (normalized)® (MV) (MA) P AF(max) Pariact)
1 0.5 1.0 2.4 4.0 8.9 8.9
2 0.5 0.85 2.3 3.8 8.25 7.7
3 0.65 0.6 2.1 3.8 8.5 8.5
4 0.85 0.4 2.3 3.9 9.3 9.3
5 1.0 0.22 2.2 49 8.6 8.0
Average 2.25 3.875°¢ 8.7 8.45
Standard deviation (o) 0.1 0.08¢ 0.33 0.58

2Normalized is d divided by d, of implosion no. 5.

®Normalized is m divided by m of implosion no. 1.
“Takes into account first four implosions only.
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TABLE I1. Final wire velocity, vy, the calculated kinetic en-
ergy of the array, Ei, and the kinetic energy per array atom,
Ey4, calculated at 10% of the initial array diameter for five
aluminum imploding-wire experiments.

Implosion vr Ey Exq
no. (10° m/s) (k) (10~ J)

1 0.625 80 0.9

2 0.6 64 0.8

3 0.85 90 1.6

4 1.1 94 2.7

5 1.325 80 4.0

shown are the measured peak values of the voltage at the
entrance to the VTL and the load current for these shots.
In addition, Table I gives the results of calculations of the
peak value of the Pag (Papmax))> Which occurs when the
coupling parameter is optimum (4 =A4,,) and the calcu-
lated value of the P,p for the experimental conditions as-
sociated with each of the implosions. The average devia-
tion of the calculated value of the P,y for these experi-
ments from Pap(max) Was only ~3%. This occurred pri-
marily because of shot to shot variations in the generator
open-circuit voltage V,. Except for the last implosion,
the shot-to-shot variation in the VTL voltage and load
current in the experiments was small. The last shot had a
load current of 4.9 MA, which was ~25% higher than
average. Pinhole photographs indicate that the final plas-
ma diameter for this shot was substantially larger than for
the other shots. Since the “motional impendance” due to
the changing inductance of the imploding load L is pro-
portional to 1/r, a larger final implosion diameter would
be expected to result in a lower value of L and, conse-
quently, a higher peak current.

Table II gives calculated values of the final wire-array
velocity vy, the kinetic energy of the array, Ej, and the
available kinetic energy per atom, Ej 4, for the five shots.
The calculations were performed at a radius » =0.1r,.
The calculated total kinetic energy of the array varied
only by +25%. However, as the diameter of the arrays
was increased and the mass was decreased, the calculated
final velocity and kinetic energy per atom increased by
factors of 2.2 and 4.9, respectively.

The ion densities (N;) of the plasmas as calculated from
the CRE model using the measured total x-ray emission
above 1 keV, the corresponding plasma size, duration of
x-ray pulse, and plasma temperature, are shown in Table
III. The ion density decreased from 4 10'° cm~3 for the
15-mm-diam case (implosion no. 2) to 0.13x 10" cm—3
for the 30-mm-diam case (implosion no. 5). Another
quantity, the number of atoms in the array divided by the
volume of the plasma, N, (as estimated from x-ray
pinhole photographs), is also given. N, is a factor of 8
higher than N; for implosion no. 1, and only a factor of 2
higher than N; for implosions no. 4 and no. 5. This indi-
cates that for the lighter arrays a larger fraction of the
available ions participate in the x-ray emission above 1
keV. This is consistent with the average energy available
per atom.

X-ray pinhole photographs from three imploding-
plasma shots are shown in Fig. 3. The photographs show
the spatial character of the x-ray-emitting region for three
different array diameters. The smaller-diameter array re-
sulted in a tightly pinched plasma column, while the
larger-diameter arrays resulted in diffuse plasmas. The
diameter of the plasma column (PC), as determined from
the x-ray pinhole photographs, increased from 1.2 to 5.5
mm as the initial array diameter increased by a factor of
2. The effective diameter, as determined from source-size
line broadening, varied from 1.8 to 6.2 mm under these
conditions (Table IV).

The correlation between the size of the x-ray-emitting
region, as measured from the pinhole photograph, and the
lateral extent of the plasma, as measured from source-size
line broadening, is good. This agreement is particularly
good for the two large-diameter arrays where the lateral
displacements due to kinks in the plasma column are
small in comparison to the dimension of the plasma.
Also, the line broadening due to the crystal rocking curve
and Doppler broadening for these cases is small in com-
parison to the source-size line broadening.

The total x-ray emission above 1 keV decreased from 20
to 0.45 kJ, a factor of ~45, between implosions no. 2 and
no. 5. Signals from x-ray diodes sensitive to the total x-
ray emission indicate a similar decrease for the total x-ray
emission. In the temperature range of interest (500—800
eV) the K-shell emission for Al XI1 decreases and the K-

TABLE III. Measured ion density, ;, total number of atoms divided by the plasma volume, N,, the
plasma diameter as estimated from pinhole photographs, Spc, the plasma diameter as estimated from
source-size line broadening, S;, the calculated optical depth at the center of the spectral line resulting
from the He-like (1s2—1s2p 'P) transition, OD, and the x-ray emission above 1 keV, &, ray» for five

aluminum imploding-wire experiments.

Implosion N;? N,* Spc® S oD &y (>1 keV)
no. (10" cm—3) (10" cm™—3) (mm) (mm) kJ)
1 34 28 1.2 1.8 132 14
2 4.0 24 1.2 1.8 155 20
3 2.2 11 1.5 2.2 121 10
4 0.7 1.4 33 3.6 44 4.5
5 0.13 0.3 5.5 6.2 32 0.45

“Uncertainty in N; and N, is approximately a factor of 2.

®Uncertainty in Spc and S; is 25%.
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FIG. 3. Contour plots of pinhole photographs obtained from
the plasma regions that radiate above 1 keV. They correspond
to normalized initial array diameters of (a) 0.5, (b) 0.85, and (c)
1.

shell emission from Al XIII increases as a function of tem-
perature. The total K-shell emission, which comprises
most of the x-ray emission above 1 keV, has, therefore, a
weak temperature dependence (less than a factor of 2).'¢
It is, however, considerably more sensitive to the ion den-
sity N;, and to the radial size of the plasma, as deter-
mined from pinhole photographs, Spc. For densities and
sizes on the order of these obtained for implosion no. 5
(N;=0.13%10" cm™3, Spc=5.5 mm), the x-ray yield
above 1 keV is proportional to N?S3c. For higher densi-
ties, such as those obtained for implosion no. 2
(N;=4x10" cm~3, Spc=1.2 mm), the x-ray yield above

1 keV is proportional to N;"’SkZ. The reduction in the
dependence of the x-ray yield on the ion density and size
of the plasma column is due to opacity effects.

Table IV summarizes the electron-temperature mea-
surements. The average electron temperature, as deter-
mined from line ratios, varied from 0.45 to 0.8 keV, and
the temperature determined from the slope of the free-to-
bound continuum varied from 0.55 to 0.8 keV as the array
diameter was increased by a factor of 2. The tempera-
tures  obtained from  the  SFyyu(ls—2p2P)/
S Heiike(152—152p 'P) intensity ratios and from the
I kel 15=3p *P) /7 Heikel 1s>—1s5p 'P) intensity ratios
are in excellent agreement. In the largest-diameter-array
case, the K-shell x-ray-emission intensity was low and
therefore  only the temperature  from the
I kel 15=2p *P) /7 perikel 1s*—152p 'P) intensity ratio
could be obtained. The temperatures obtained from the
recombination continuum, however, are slightly higher
than those obtained from the line-ratio measurements.
This is not surprising in view of the inhomogeneous na-
ture of the plasma and the existence of temperature gra-
dients in the K-shell-emitting region. For example, calcu-
lations performed for a 0.5-mm-diam aluminum plasma,
at an ion density of 3 10'® cm~3 (Ref. 16) show that the
intensity of the bare nucleus, Al X1V, to the Al XIII recom-
bination continuum increases by approximately an order
of magnitude as the temperature increases from 500 to
800 eV. As a consequence, the Al XIV to Al XIII recom-
bination would be expected to be characteristic of higher-
temperature regions of the plasma, where Al X1V is abun-
dant and emits efficiently, wheras the line ratios will be
more indicative of cooler regions, where Al XIII and
Al X11 are the dominant ionization stages. Gradient ef-
fects are discussed in Ref. 16. A specific example of the
differing line and continuum temperatures is discussed
next.

The spectrum between 1.5 and 3.5 keV consists primari-
ly of emission from the He-like (Al X11) and H-like
(Al x111) ionization stages in addition to satellite lines
from lower ionization stages. The spectra acquired from
implosions no. 2 and no. 4 with the (001) plane of the
KAP crystal are shown in Figs. 4 and 5. The spectral
lines resulting from the He-like (1s’—1s2p 'P), H-like
(1s—2p *P), He-like (1s*—1s5p 'P), and H-like (15s—3p *P)

TABLE 1V. Experimentally measured line ratios, the temperatures inferred from the measured line
ratios, and the temperatures inferred from the free-to-bound continuum for five aluminum imploding-

wire experiments.

Implosion T.(R,) T.(R,) T, (continuum)
no. R (keV) R, (keV) (keV)
1 0.72+0.18 0.475+0.04 2.25+0.5 0.445+0.025 0.55+0.11
2 0.85+0.03 0.470+0.01 2.31+0.14 0.430+0.008 0.55+0.12
3 0.97+0.06 0.590+0.01 4.0 0.55 0.80+0.16
4 0.91+0.05 0.795+0.02 494 0.785
5 0.39 0.760

2R, is the intensity ratio of the spectral lines resulting from the H-like (1s—2p ?P) and He-like

(1s2—1s2p ' P) transitions.

YR, is the intensity ratio of the spectral lines resulting from the H-like (1s—3p 2P) and He-like

(1s2—1s5p 'P) transitions.
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transitions, which were used to determine the intensity
line ratios, are marked with numbers 1—4, respectively.
Because the spectral lines resulting from this He-like
(1s—2p2P) and He-like (1s’—1s2p'P) transitions are
not well resolved by the (001) plane, the
I ke (15=2P *P)/F ferikel 15 —152p 'P) line ratio was
obtained from the spectra acquired with the (002) and
(013) planes since, as mentioned earlier, they provide
much better resolution. To provide a demonstration that
inhomogeneous plasmas may exhibit different line and
continuum temperatures, we have computer synthetic
spectra using the multifrequency radiative transfer model
described in Sec. II.

Figure 4 represents the measured and calculated spectra
from implosion no. 2. The inner 16% and outer 84% of
the plasma volume were assigned temperatures of 650 and
300 eV, respectively. The volume and temperature parti-
tioning were chosen based upon a number of spectral cal-
culations using varied plasma conditions, with the objec-
tive of providing a fit to both the line and continuum ra-
diation. The line-ratio temperatures obtained were identi-
cal to those obtained with the homogeneous escape-
probability model. However, the effective continuum
temperature of the calculated spectrum, 500 eV, is higher
and well within the error limits of the measured continu-
um slope, which is 550+£110 eV. Therefore, the overall
spectrum is consistent with that of a pinched plasma
column with a relatively small high-temperature core and
a much larger cooler surrounding region. This type of
configuration is suggested by magnetohydrodynamics
(MHD) calculations.”® The measured ion density (4 X 10"°
cm~3) and the measured diameter of the hot, high-
emissivity, inner plasma volume (1.2 mm) were used in
the spectrum calculations. The diameter of the colder
plasma was assumed to be 3 mm.

The measured spectrum of implosion no. 4 did not yield
a consistent continuum temperature. However, we have
calculated a spectrum based upon a similar two-
temperature plasma to demonstrate that the line spectrum
and continuum edges are consistent with the hot-core
model. In this case the ion density and outer plasma di-
ameter were assumed to be 0.7 10" cm™3 and 3.3 mm,
respectively, as is consistent with Table III. The tempera-
ture of the inner 16% was taken as 1500 eV, and the tem-
perature of the outer 84% of the plasma volume was tak-
en as 750 eV. Again, the line ratios are consistent with
the previously quoted temperature of 790 eV (Table IV),
even though two separate regions of considerably different
temperatures are postulated. Some of the lines in the ex-
perimental spectrum do not appear in the theoretical one;
this is because such lines are not included in the radiation
transport model. The majority of the observed lines are
modeled, however.

In addition to the line ratios of selected spectral lines
and the slope of the free-to-bound continuum, the intensi-
ty of recombination edges can also serve as a temperature
diagnostic. In both the calculated and the measured spec-
tra, the Al XII recombination edge (at 2.09 keV) is
markedly higher for the low-temperature implosion (no. 2)
than for the high-temperature implosion (no. 4). This is
due to the larger Al XII abundance.

From Tables III and IV it is clear that, although the
energy-coupling efficiency from the generator to the load
was kept constant for these experiments, the changes in
the array dimensions introduced considerable changes in
the average properties of the plasmas. The electron tem-
perature increased from 0.5 to 0.8 keV, the ion density de-
creased from 4 X 10" to 0.13x 10" cm~3, and the diame-
ter of the plasma column increased from 1.2 to 5.5 mm,
and the x-ray yield above 1 keV increased from 20 to 0.45
kJ. Computer simulations indicate that the plasma
behavior, after the wires assemble on axis, is complex and
may involve several compression cycles. During these cy-
cles, the high-density plasma would radiate, causing the
temperature to decrease due to radiative cooling. The de-
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FIG. 4. Comparison of measured (top) and calculated (bot-
tom) spectra for implosion no. 2. Plasma conditions assumed in
the calculation are described in the text. Experiment broadening
of 16 eV has been convolved with the spectrum. L, L,, Lj,
and L, are the spectral lines resulting from the He-like
(1s2—1s2p 'P), H-like (1s—2p 2P), He-like (1s’—1s5p 'P), and
H-like (15 —3p 2P) transitions.
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crease in temperature would allow the plasma to be
compressed further, resulting in an increase in density and
additional radiation.?’ In the lower-mass implosions,
where the kinetic energy per nuclei is expected to be large,
the plasma may rebound as it begins to thermalize. The
higher temperatures may reverse the implosion too soon
and prevent compression to densities sufficient for appre-
ciable radiation.’® Differences in the degree of turbulent
heating during the run-in phase are another, more likely,
explanation for the differences in the properties of the five
imploding-wire plasmas discussed here.’! During the
run-in phase the wires heat up, ionize, and accelerate to-
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FIG. 5. Comparison of measured (top) and calculated (bot-
tom) spectra for implosion no. 4. Plasma conditions assumed in
the calculation are described in the text. Experiment broadening
of 26 eV has been convolved with the spectrum. L,, L,, Lj,
and L, are the spectral lines resulting from the He-like
(1s2—1s2p 'P), H-like (1s—2p *P), He-like (1s*—1s5p 'P), and
H-like (15 —3p 2P) transitions.

ward the center of the array. If the drift velocity of the
ions exceeds the speed of sound in the individual wire
plasmas, turbulent heating will occur. The heating results
in an expansion of the individual wire plasmas. The de-
gree of expansion is related to the degree of turbulent
heating. Turbulent heating is expected to occur in all five
implosions. However, the degree of turbulent heating is
larger for the low-mass arrays and may cause the indivi-
dual wire plasmas to have larger diameters and lower den-
sities during the run in phase. When the wire plasmas
collide on axis, the result is a low-density plasma pinch.
The low-density plasma is an inefficient radiator. With
limited radiative cooling, a higher plasma temperature
and reduced compression are to be expected. Such a
behavior is consistent with the experimental observations,
and is discussed in detail in Ref. 31.

IV. SUMMARY

The dependence of the electron temperature, the ion
density, the diameter of the emitting plasmas, and the to-
tal x-ray emission above 1 keV on initial array parameters
has been investigated for aluminum imploding-wire plas-
mas. As the array parameters were varied, the product of
the array mass per unit length and the square of the array
diameter was held constant in order to maintain optimum
energy coupling between the imploding-wire load and the
pulse generator, as expressed by the criterion of maximiz-
ing the power-amplification factor. As the initial diame-
ter of the wire array was increased by a factor of 2, the
temperature of the plasma pinch increased from 0.5 to 0.8
keV, the density decreased from 4%10" to 0.13x 10"
cm™3, the diameter of the plasma increased from 1.2 to
5.5 mm, and the x-ray yield above 1 keV decreased from
20 to 0.45 kJ.

In the lower-mass implosions, where the kinetic energy
per nuclei is expected to be large, the plasma may rebound
as it collides on axis and begins to thermalize. This will
result in a large, high-temperature, low-density, low-
emissivity plasma, and is one possible explanation of our
observations. Another possible explanation is the larger
turbulent heating during the run in phase that is calculat-
ed for the lower-mass implosions. This will cause the ex-
pansion of the individual wires, which upon collision on
axis will compress poorly. This also results in a large,
high-temperature, low-density, low-emissivity plasma.
Both of these effects can occur simultaneously.

The ability to vary the plasma parameters, as demon-
strated here, can be extended to both higher and lower
masses and diameters to produce even larger changes in
the electron temperature and density and, in more extreme
cases, to produce significant changes in the distribution of
ionization stages.
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