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Abstract

High-sensitivity interferometry measurements of initial density distributions are reviewed for a wide range of gas-puff
nozzles used in plasma radiation source~PRS! z-pinch experiments. Accurate gas distributions are required for deter-
mining experimental load parameters, modeling implosion dynamics, understanding the radiation properties of the
stagnated pinch, and for predicting PRS performance in future experiments. For a number of these nozzles, a simple
ballistic-gas-flow model~BFM! has been used to provide good physics-based analytic fits to the measuredr, z density
distributions. These BFM fits provide a convenient means to smoothly interpolate radial density distributions between
discrete axial measurement locations for finer-zoned two-dimensional MHD calculations, and can be used to determine
how changes in nozzle parameters and load geometry might alter implosion dynamics and radiation performance. These
measurement and analysis techniques are demonstrated for a nested-shell nozzle used in Double Eagle and Saturn
experiments. For this nozzle, the analysis suggests load modifications that may increase theK-shell yield.

1. INTRODUCTION

A high-sensitivity laser interferometer~Weber & Fulghum,
1997! has been used to measure gas density distributions
from a wide variety of nozzles used in plasma radiation
source~PRS! z-pinch experiments~Deeneyet al., 1993;
Coverdaleet al., 1996; Sanfordet al., 1996a; Colemanet al.,
1997; Weberet al., 1997, 1999a; Commissoet al., 1998;
Levineet al., 1998, 2000; Moosmanet al., 1999a; Szeet al.,
1999; Shishlovet al., 2000; Songet al., 2000!. These gas-
puff loads provide intense sources ofK-shell X-radiation
not accessible with wire arrays~Deeneyet al., 1995, 1998;
Sanfordet al., 1996b; Spielmanet al., 1997!, and their
naturally diffuse mass distributions may provide mediation
of the Raleigh–Taylor~RT! instability ~Gol’berg & Veli-
kovich, 1993; Hammeret al., 1996; Colemanet al., 1997;
Deeneyet al., 1998; Velikovichet al., 1998a, 1998b; Shish-
lov et al., 2000! believed to be endemic to large-radius PRS
loads. Accurate gas distributions are required for deter-
mining experimental load parameters, modeling implosion
dynamics, understanding the radiation properties of
the stagnated pinch, and for predicting PRS performance in

future experiments. These measurements indicate how
changes in pressure and timing in experiments affect the
initial mass distribution. Specific nozzle designs can be tested
and modified to obtain desired gas distributions, and gas-
dynamics codes used for nozzle design can be benchmarked
against interferometer data.

The density distribution in the load region is determined
by integrating the gas density along a horizontal laser-beam
line of sight as a function of time at one axial distance from
the nozzle and one vertical distance from the symmetry axis.
The nozzle is moved in steps to cover the gas-distribution
cross section, and the measurements are Abel-inverted to
compute the local densityn~r, z, t !. Several examples are
shown to illustrate the technique. In addition to neutral-gas
r–zdistribution measurements, the instrument has been used
to determine the azimuthal symmetry of tested nozzles and
to measure the preimplosion ionization distribution pro-
duced by an intense ultraviolet~UV ! flashboard source.

A simple ballistic-gas-flow model~BFM! has been used
to provide good physics-based analytic fits to the measured
r–zdensity distributions of several nozzles. These BFM fits
provide a convenient means to smoothly interpolate radial
density distributions between discrete axial measurement
locations for finer-zoned two-dimensional MHD calcula-
tions. The BFM can also be used to determine how changes
in nozzle parameters and load geometry might alter implo-
sion dynamics and radiation performance.

Address correspondence and reprint requests to: D. Mosher, Code 6770,
Naval Research Laboratory, 4555 Overlook Ave., S.W., Washington, DC
20375-5346. E-mail: mosher@suzie.nrl.navy.mil

Laser and Particle Beams~2001!, 19, 579–595. Printed in the USA.
Copyright © 2001 Cambridge University Press 0263-0346001 $12.50
DOI: 10.1017.S026303460119405X

579

https://doi.org/10.1017/S026303460119405X Published online by Cambridge University Press

https://doi.org/10.1017/S026303460119405X


The utility of the BFM is demonstrated in an analysis of
long-implosion-time argon nested-shell, or shell-on-shell
~SOS! gas-puff experiments on the Maxwell Physics Inter-
national~MPI! Double Eagle~DE! generator~Szeet al.,
1999!. The goal of such experiments is to achieve efficient
K-shell radiation production with slower and less-expensive
pulsed-power drivers. The 200-ns implosion times of these
experiments require larger-radius~and more R-T-unstable!
loads than used with 100-ns drivers to achieve the high
implosion velocities~low load masses! needed for optimal
K-shell radiation production~Thornhillet al., 1996; Mosher
et al., 1998!. ArgonK-shell yields from large-radius implo-
sions on the GIT-12 generator have been shown to increase
dramatically due to R-T mitigation when double-shell argon
gas puffs replaced single shells~Shishlovet al., 2000!. For
the DE analysis, radial snowplow computations at various
axial locations are combined with a two-level radiation model
~Mosheret al., 1998! to predict theK-shell yield as a func-
tion of z. Both this analysis and the experiment show in-
creased yield per centimeter with increased distance from
the nozzle, suggesting that modified gas-puff-nozzle char-
acteristics may achieve an increase in overallK-shell yield
by boosting yield per centimeter close to the nozzle. Simple
nozzle modifications are suggested that indicate a substan-
tial calculated yield increase.

2. GAS DISTRIBUTION MEASUREMENTS

Gas distributions from PRS nozzles are measured using
high-sensitivity laser interferometry~Weber & Fulghum,
1997! with the arrangement illustrated in Figure 1. The
shaded region represents a generic, azimuthally-symmetric
gas~and0or free-electron! distribution centered at the ori-
gin of a cartesian coordinate system with the axis of sym-
metry alongz and thex–y plane parallel to the face of the
gas nozzle. Gas emerging from the nozzle propagates pri-
marily in thez direction. Two c. w. laser beams with wave-

lengthl 5 532 ~GR! and 1064~IR! nm are each split into
two beams, one traversing the gas~scene beam! and one
traversing vacuum~reference beam!. The two scene beams
can be aligned along the same path through the gas for
simultaneous, two-color interferometry. For gas-only mea-
surements, single-color interferometry is sufficient. The
two-color technique is useful when, as discussed below
for gas ionized by a UV source, distinct gas and free-
electron distributions are to be measured.

When the scene beam traverses gas, its phase velocity is
reduced because the index of refraction is greater than 1.
The beams are recombined using optics and detection elec-
tronics that are configured to directly measure the sine of the
phase difference between the reference and scene beams as
a function of time. The line-integral of the gas densityNL is
directly proportional to the measured phase shiftDf ~radians!

NL~ y! [ E
2`

`

n~r ! dx5
l

2p

n0

n 2 1
Df, ~1!

wheren is the density at radiusr 5!x2 1 y2, andn is the
index of refraction at densityn0. For argon, the line-integrated
density is given by

NL~cm22! 5 2.73 1013l~nm!Df~8!. ~2!

Sophisticated vibration isolation provides a phase-shift
sensitivity of 1024l ~0.0368! for time scales of 1 ms or
less. This high sensitivity allows measurements of low line
densities~above about 53 1014 cm22 for the green beam!,
such as those in the important low-density region around
the periphery of a gas puff. Typical maximum argon line
densities are 1018 cm22 or greater, resulting in green-beam
phase shifts of 708 or more. The dynamic range of the line-
density measurements can therefore be 2000 or more. Mea-
surement precision decreases as the phase shift approaches
1808. The IR beam is used for cases where the line-integrated
density is too large to be measured accurately using the
green beam, doubling the range for accurate measurements.
Line-integrated density is measured as a function of time at
one distancey from the nozzle axis, and the standard devi-
ation of multiple measurements is used as an estimate of the
uncertaintyDNL. This uncertainty is usually determined by
the shot-to-shot reproducibility of the valve0nozzle system
and not the interferometer.

Many important gas flow parameters can be derived
from line-density measurements. Their derivation will be
illustrated using data obtained with the MPI SOS nozzle
fielded on DE and the Sandia National Laboratories~SNL!
Saturn generator~Szeet al., 1999!. This nozzle is chosen
as an example because the density distribution is more
complex than for other cases, and because modeling based
on the gas-distribution measurements has been bench-
marked against the DE experiments~Sects. 4 and 5!.Fig. 1. Optical arrangement for two-color interferometry.
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2.1. Azimuthal symmetry

It is desirable for the gas distribution to be as azimuthally
symmetric as possible. Azimuthal asymmetry will limit the
stagnation radius of the implosion~Mosher, 1994! and there-
fore reduce the X-ray yield. A high degree of symmetry is
also a practical concern for interferometry in order to accu-
rately determine the radial dependence of the gas density
from an Abel-inversion of the line-integrated density.

The azimuthal symmetry of the SOS nozzle was tested by
measuring line densities along the six lines of sight illus-
trated in Figure 2. The cross-hatched regions in the fig-
ure are the metal surfaces at the exit plane of the SOS
nozzle. The annular shaded regions are the concentric gas
nozzle apertures. The inner and outer radii of the inner-shell
aperture are 1 and 2 cm; the radii of the outer-shell aperture
are 3 and 4 cm. The two shells are supplied by independent
plenums, so that the gas constituents and their pressures can
be different. Both plenums are exhausted into the nozzles at
the same time using a fast valve. A breakdown pin is in-
stalled in the outer shell to provide a timing fiducial to
synchronize gas flow with the pulsed-power generator. For
the measurements reported here, the breakdown pin deter-
mines time zero.

The lines of sight in Figure 2 were obtained by rotating
the nozzle in 608 increments inside a vacuum test chamber
while keeping the laser beam horizontal. The lines of sight
were located atz5 0.2 cm from the nozzle, where thin gas
annuli from the two nozzles are well separated. Each line of
sight samples an azimuthal section of the outer shell as
shown. For each line of sight, three line-density measure-
ments were averaged. The line-density data obtained with
10-psia argon in both plenums are plotted in Figure 3. The
redundant measurement sets at 08 and at61808 indicate that
the gas flow and measurement techniques are highly repro-
ducible. The gas is first detected at this axial location about
150 ms after the breakdown pin signal att 5 0. The line
densities increase to a plateau level of about 6.531017 cm22

after an additional 850ms. A typical timing used in experi-
ments ist 5 500ms as indicated in Figure 3. At this time, the
gas distribution of the outer shell is highly symmetric. The

Fig. 2. Laser lines of sight for azimuthal symmetry tests atz5 0.2 cm.

Fig. 3. Azimuthal symmetry data aty53 cm,z50.2 cm.
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increased asymmetry at later times may indicate that implo-
sion quality would degrade for these conditions. In what
follows, the gas distribution is assumed to be azimuthally
symmetric.

2.2. Radial gas distributions

The nozzle is moved vertically inside the vacuum test cham-
ber to measureNL~ y! at enoughy locations to determine the
radial gas distribution. The local densityn~r ! is computed
~assuming azimuthal symmetry! by Abel inversion from

n~r ! 5 2
1

p
E

r

` dNL

dy

dy

!y2 2 r 2
6 Dn. ~3!

The uncertainty in the densityDn is determined by propa-
gating the measurement errorDNL through Eq.~3!.

The lines of sight used to determinen~r ! atz5 0.2 cm for
the SOS nozzle with 10 psia in each nozzle are illustrated in
Figure 4. The outermostyvalue is determined empirically to
be where the line-integrated density drops to within the
measurement sensitivity. TheNL~t ! data for these lines of
sight are plotted in Figure 5. Fory , 2 cm, the laser beam
probes both shells. Fory . 2 cm, only the outer shell is
probed. The data indicate that the gas emerges simulta-
neously from the two nozzles, but that they have different
rise times. This phenomenon has been attributed to the pe-
culiarities of the valve mechanism~Songet al., 2000!.

The line-density data att 5 500ms are plotted versusy in
Figure 6~square symbols!. The error bars represent plus or
minus one standard deviation ofDNL determined from the
three measurements. The data are converted to the local
density n~r ! by connecting theNL~ y! points with cubic-
spline polynomials subject todNL0dy50 aty50 andy5y0,
wherey0 is the outer-boundary point. Equation~3! can then
be solved analytically. The resulting density distribution is
also shown in Figure 6~circles!. Then~r ! plot shows two
separated shells centered in the nozzle apertures. The den-
sity error is estimated from a piece-wise linear fit to the
line-density measurements, providing a straightforward
means to propagateDNL through Eq.~3! to determineDn.
The error in density tends to increase as the radius de-
creases, because more measurements are involved in the
inversion calculation. The nonzero density atr 5 0 in Fig-
ure 6 may be a result of imperfect symmetry or an under-
estimate of the error. Separate measurements of the inner
and outer density distributions give almost exactly the same
results as in Figure 6, an indication that the Abel inversion
algorithm is able to “see” the inner shell using measure-
ments that probe both shells, and that the quality of the data

Fig. 4. Laser lines of sight for radial line-density scan atz5 0.2 cm.

Fig. 5. Line-integrated-density measurements at
z5 0.2 cm from the nozzle.

582 D. Mosher et al.

https://doi.org/10.1017/S026303460119405X Published online by Cambridge University Press

https://doi.org/10.1017/S026303460119405X


and reproducibility of the valve0nozzle system is sufficient
to obtain meaningful data.

An r–z cross section of the SOS nozzle is shown in Fig-
ure 7 along with the measurement lines of sight. Each nozzle
is tilted 58 towards the axis of symmetry as indicated by the
dashed lines from the “throats”~the radial constrictions at
the start of each nozzle! through the center radius of the exit
apertures. Radial gas distributions were determined at three
distances from the nozzle:z5 0.2, 2.0, and 3.8 cm. These
distances were chosen to map the density at locations rele-
vant to recent DE experiments with 4-cm-long loads~Sze
et al., 1999!. The resulting density distributions are plotted
in Figure 8.Atz52 cm, the two shells are starting to overlap
at r 5 2.5 cm. Atz5 3.8 cm, the overlap is more significant.
The peak density associated with each nozzle decreases
with distance and moves to smaller radius, consistent with

the inward tilt angle. The density on the axis is essentially
zero for all three distances.

The density distribution varies substantially with distance
from the nozzle, changing from two separated annuli close
to the nozzle to a slowly varying, diffuse distribution 3.8 cm
from the nozzle. The two-dimensional nature of the gas
distribution results from radial expansion of the gas out of
the nozzles. Analytic fits to these distributions in Section 3
are used to model implosions and radiation production in
Sections 4 and 5.

2.3. Mass loading and pressure scaling

The mass per unit lengthm ~g0cm! is determined from the
line-density measurements using

m 5 2mArE
0

`

NL dy, ~4!

wheremAr is the mass of an argon atom. Equation~4! is
more precise than an algorithm based on the derivedn~r !
values. The mass loading for the SOS nozzle is plotted in
Figure 9 for 10-psia argon in both plenums. At a typical
timing ~t 5 500 ms! used in experiments, the mass varies
from 221mg0cm close to the nozzle to 177mg0cm at 3.8 cm
from the nozzle. This axial mass gradient is the result of
operating during the rise of the gas density and time-of-
flight considerations: Lower masses at larger values ofz
reflect reduced-mass emission from the nozzle at earlier
times. The axial mass gradient varies with timing and, as
shown in Section 5, can be an important gas-puff-load pa-
rameter for optimizing PRS performance.

The plenum pressure for the SOS nozzle has been varied
from 5 to 40 psia to determine how mass loading scales with

Fig. 6. Line-integrated-density measurements~NL!
and standard deviations~s! at t 5 500ms. Derived
densityn~r ! and error estimateDn.

Fig. 7. Laser lines of sight iny–z plane.
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pressure. Higher-pressure measurements were required to
determine load characteristics for the higher currents of Sat-
urn. For this study, the density is not mapped over the cross
section. Instead, the line-integrated density is measured at
z5 0.2 cm, andy 5 0. To a good approximation, this line-
integrated density through the axis of symmetry is propor-
tional to the mass per unit length. The mass is proportional
to pressure in the 5- to 20-psia range. For 20–40 psia, the
mass is proportional to~pressure!0.9. This scaling informa-
tion can be used to construct density distributions for any
pressure in the range based on the detailed density maps
measured at 10 psia.

2.4. Preionization

Preionization may be important to improve gas-puffz-pinch
implosion quality by providing a high-conductivity region
on the periphery of the gas for azimuthally symmetric cur-
rent initiation~Weberet al., 1998; Rousskikhet al., 1999!.
In addition, experiments with double-shell nozzles on GIT-4
at the High Current Electronics Institute, Tomsk, Russia
~HCEI! indicated the importance of preionization for pre-
venting premature current flow in the inner shell~Baksht
et al., 1997!. An intense-UV flashboard source was devel-
oped at the Naval Research Laboratory~NRL! for gas-puff

Fig. 8. Radial density distributions~t5500ms, 10 psia!
for three distances from the nozzle.

Fig. 9. Mass per unit length derived from the line-
integrated-density measurements at three distances
from the nozzle.
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preionization~Weberet al., 1998; Moosmanet al., 1999a!.
The configuration used to measure the preionization of the
SOS nozzle is shown in Figure 10. Two semicircular flash-
board strips are each powered by a 1.8-mF capacitor bank
charged to 22 kV, producing a damped sinusoidal current
with 50-kA amplitude and 4-ms period. The flashboard ring
is located 17 cm from the nozzle, far enough to delay arrival
of plasma to the PRS region until after implosion, yet close
enough for sufficient UV intensity to significantly ionize the
gas. Plasmas from the flashboards propagate toward the axis
of the flashboard circle with typical velocity of a few centi-
meters per microsecond. The plasma density in the PRS
region is negligible for the first 3ms after firing the capac-
itors. The intense UV radiation that reaches the periphery of
the gas distribution promptly photoionizes the gas.

The interferometer is used in either the two-color or single-
color mode to measure the plasma and gas densities~Moos-
man et al., 1999a!. The radial distributions of the electron
and gas densities for the SOS nozzle atz50.2 cm are shown
in Figure 11. The flashboards were fired 400ms after the
breakdown-pin fiducial. The ionization 3ms later is a hol-
low shell on the outer 0.5 cm of the gas distribution. The
maximum ionization is about 3%. The ionizing radiation
does not penetrate into the inner shell, consistent with photo-
ionization cross sections and the density profiles. Atz 5
3.8 cm, the gas density distribution is more diffuse~see
Fig. 8!, allowing penetration of UV and significant ioniza-

tion into aboutr 5 2.5 cm. At this location, the ionization is
10–20% in ther 5 4.5–5 cm region.

2.5. Review of PRS nozzles and representative
gas distributions

The measurement technique and analyses described above
have been used at NRL since 1995 to measure gas distribu-
tions used in many PRS experiments. The nozzles diag-
nosed in this way are listed in Table 1. Each nozzle is
identified by the laboratory responsible for its development,
the generator~s! on which it was fielded, the generic type of
gas distribution~annular, solid, or double-shell!, the inner
diameter~ID! and outer diameter~OD! of the nozzle~s! at
the exit plane, the gas used, and relevant references to gas
measurements or PRS experiments.

The 18 nozzles listed in Table 1 encompass a large variety
of PRS experimental conditions. Based on measured gas
distributions, the nozzles can be organized into four general
categories to illustrate their major differences. Single-shell
annular gas nozzles are represented by two categories, those
with “shaped” nozzles~numbers 2, 4–6, 11–13, 15! and
those with short, narrow nozzles~numbers 1, 8–10!. The
third nozzle category includes those that are designed to
produce “solid”~well filled-in! gas distributions~numbers
3, 7, 14, 16!. The fourth category includes double-shell
nozzles~numbers 17, 18!.

Fig. 10. Preionization arrangement for the SOS nozzle. The UV-flashboards are semicircular strips of electrode gaps with a rectangular
“plasma shield” along the diameter between the two flashboards to prevent interaction of their plasmas. The flashboard diameter is
19 cm. The distance from the nozzle to the center of the flashboard circle is 17 cm.
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Fig. 11. Gas~nAr , squares! and electron~ne, circles!
density distributions atz5 0.2 cm resulting from pre-
ionization, 3ms after flashboard trigger and 400ms
after breakdown pin.

Table 1. Gas-puff nozzles used in z-pinch research for which gas density distributions have been measured at NRL.

Lab. Generator Type
IDa

~cm!
ODb

~cm! Gas References

1 NSWCc Phoenix Annular 3.35 3.65 Ar Noltinget al., 1995
Peterson & Weber, 1995
Weber & Fulghum, 1997b
Weberet al., 1997a

2 SNL Saturn Annular 1.5 3.5 Ar, Kr Sanfordet al., 1996a
3 SNL Saturn Solid 4.5 Ar, Kr Sanfordet al., 1996a
4 MPI BJ5,d Ace4 Annular 3 4 Ar
5 MPI Ace4 Annular 4.2 5.8 Ar Colemanet al., 1997

Weberet al., 1997a
6 MPI Ace4 Annular 10.4 12.4 Ar
7 MPI Ace4 Solid 7 Ar Colemanet al., 1997

Weberet al., 1997a
8 NRL Hawk Annular 1.9 2.1 Ne Commissoet al., 1998
9 NRL Hawk Annular 3.4 3.6 Ne Commissoet al., 1998

10 NRL Hawk Annular 4.9 5.1 Ne Commissoet al., 1998
11 MPI Pithon Annular 3.6 4.4 Ar Coverdaleet al., 1996
12
12a

MPI Pithon Annular 5.5
5.25

6.5
6.75

Ar Coverdaleet al., 1996

13 MPI DM2, DE, Saturn Annular 4.2 5.8 Ar Weberet al., 1999a
14 MPI DM2, DE, Saturn Solid 1 7 Ar Levineet al., 1998

Weberet al., 1998
Weberet al., 1999a
Moosmanet al., 1999a
Levineet al., 2001

15 MPI Pithon, DE, Ace4 Annular 2 3 Ar Deeneyet al., 1993
Coverdaleet al., 1996

16 MPI DM2, DE Solid 1 10 Ar Levineet al., 1998
17 MPI DE, Saturn 2 shells 2, 6 4, 8 Ar, Kr Szeet al., 1999

Waismanet al., 1999
Ingermansonet al., 1999
Weberet al., 1999b
Songet al., 2000

18 HCEI GIT-12 2 shells 2.3, 5 3, 6 Ar Shishlovet al., 2000

aInner diameter of the nozzle at the exit plane.
bOuter diameter of the nozzle at the exit plane.
cNSWC: Naval Surface Warfare Center, White Oak, MD, USA.
dBlackjack 5.
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Contour plots of the gas distribution for a representative
nozzle from each category is shown in Figure 12. In each
case, the density distribution corresponds to typical argon-
gas-fill parameters~pressure and timing! used in the corre-
sponding PRS experiments. The density contours are derived
using data like that in Figure 8. The qualitative nature of the
gas flow and approximate density values are well repre-
sented by the contour plots. Contours are identified with the
gas density in units of 1016 cm23. Low-density contours
~,1016 cm23! have been suppressed for visual clarity.

The annular nozzle depicted in Figure 12a~number 1 in
Table 1! was used successfully on Phoenix~Nolting et al.,
1995!. It has a narrow, short nozzle formed by concentric
cones that produces a very hollow gas distribution at the
nozzle exit. This nozzle has a large inward tilt angle~148!
and produces a highly divergent flow that increases the
radial thickness of the shell with distance from the nozzle.
The combination of the divergence and inward tilt result in
a distribution that is peaked on axis, 3–4 cm from the noz-
zle. Though very annular close to the nozzle, this type of

Fig. 12. Sample nozzler–z cross sections and measured gas-distribution contours for:~1! single-shell nozzles@~a! Phoenix 3.5-cm
diameter and~b! MPI 5-cm diameter#; ~2! “Solid” fill nozzle @~c! MPI 7-cm diameter#; and~3! double-shell nozzle@~d! MPI SOS# .
Argon density contours are denoted in units of 1016 cm23.
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nozzle creates gas distributions that have a strong two-
dimensional nature.

A more conventional single-shell annular nozzle is repre-
sented by the MPI 5-cm nozzle used on Decade Module 2
~DM2!, Double Eagle~DE! and Saturn, shown in Fig-
ure 12b~number 13 in Table 1!. The nozzle is longer and
more contoured than the Phoenix nozzle to produce a high
Mach-number flow, but by necessity produces thicker shells
close to the nozzle. The divergence is noticeably less than
for the Phoenix nozzle.

Solid-fill nozzles with more uniformly distributed gas
distributions are being considered as a way to mitigate in-
stabilities during implosions from large initial radii. A rep-
resentative example is the PI 7-cm diameter solid-fill nozzle
shown in Figure 12c~number 14 in Table 1!. Most of the
7-cm diameter is filled with gas and the flow is relatively
straight and well confined.

The double-shell MPI SOS nozzle in Figure 12d~number
17 in Table 1! is the nozzle used above to illustrate the gas
measurement technique. These density contours are derived
using the data in Figure 8. This nozzle can produce a variety

of gas distributions by independently varying the pressures
in the two plenums.

These measurements illustrate the variety of parameters
that can be obtained using high-sensitivity interferometry.
The following sections describe how this information is
used to make physical, analytic fits to the gas distributions,
to perform snowplow implosions using these fits, and to
estimate theK-shell X-ray yield. The power of this approach
is its potential to predict realistic operating conditions that
will optimize theK-shell radiation from a given nozzle ge-
ometry and to suggest changes in geometry that will further
improve performance.

3. BALLISTIC-GAS-FLOW MODEL

The ballistic-gas-flow model~BFM; Mosheret al., 1999!
treats flow from a gas-puff nozzle as emanating from an
imaginary thin annulus of radiusR0 with a Gaussian distri-
bution in polar angleum about a nozzle tilt angleut and
propagates the distribution ballistically forward inz. The
geometry is shown in Figure 13 for the MPI SOS nozzle.
The annulus is set back from the face of the nozzle atz5 0
by a distancez0 to account for the width of the density
distribution at the nozzle face. The center line of the diver-
gence cone passes through the nozzle face at radiusRn 5
R0 2 ut z0.

The BFM distribution can be derived with the aid of
Figure 14. For local cartesian coordinates with origin on the
emission annulus at~R0, f, 2z0! as shown, the gas is emit-
ted in an angular Gaussian probability distributionP given
by

dP

dV
5

1

pum
2 expF2

ux
2 1 ~uy 1 ut !

2

um
2 G, ~5!

wheredV is an element of solid angle. The angular distri-
bution can be referred to the point~r, 0,z! at whichn~r, z! is
to be evaluated using the small-angle relations

Fig. 13. Ballistic-gas-flow model parameter definitions overlaid on the
MPI SOS nozzle geometry.

Fig. 14. Ballistic-gas-flow model coordinate
geometry.
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ux 5
r sinf

z1 z0

; uy 5
r cosf 2 R0

z1 z0

. ~6!

The density at~r, z, t ! is determined from the line density
N~10cm! 5 m0mAr emitted at the face of the nozzle at time
t 2 z0Vg ~Sect. 2.3!, whereVg is the flow velocity of the gas.
The contribution ton~r, z! over areadAdue to the increment
dN5 Ndf02p emitted at~R0, f, 2z0! is

dn 5 dN
dP

dA
5

Ndw

2p~z1 z0!2

dP

dV
. ~7!

Substituting from Eqs.~5! and~6!, and integrating Eq.~7!
overf leads to

n~r, z! 5
N

pd2 expF2
r 2 1 Rz

2

d2 G I0S2rRz

d2 D, ~8!

whereRz~z! 5 Rn 2 zut is the radius of the divergence cone
center line atz, d~z! 5 ~z1 z0!um measures the radial width
of the divergence cone atz, and I0 is the modified Bessel
function of zero order.

The shapes of ballistic model density profiles at various
axial locations are specified by the single parameterd0Rz.
The dependence of shape on this parameter is shown in
Figure 15. Ford0Rz ,, 1, the radial density distribution is a
thin Gaussian annulus centered aboutRz. Ford0Rz . 1, that
is, for z 1 z0 . R00~um 1 ut !, the profile approaches a
Gaussian of widthd about the axis of symmetry.

With the distribution defined by Eq.~8!, the gas density at
any pointn~r, z! can be determined once the parametersRn,
z0, ut , um, andN are chosen for a given nozzle and flow time.
Values for the tilt angle andRn are constrained by the nozzle
geometry. The line densityN depends weakly onz because
of the time variation of mass emitted at the nozzle face
~Sect. 2.3! and time of flight toz. The line density is deter-

mined at discrete axial locations from Eq.~4!. A linear in-
terpolation between these points results inN~z! for the BFM
distributions. The two free parametersz0 and um are then
chosen to provide the best overall fit to the measured density
profiles at allz values simultaneously.

Figure 16 compares interferometer-measured~points! and
ballistic-model-fit ~curves! density profiles at three axial
locations for the DE SOS nozzle operating at a 500-ms flow
time with 10 psia in each nozzle. Table 2 shows ballistic-
model-fit parameters for separately measured density distri-
butions from the inner and outer nozzle. The BFM density
plotted in Figure 16 is the sum of the BFM fits to each
nozzle. Equally good fits to 400-ms flow-time data were

Fig. 15. Ballistic-gas-flow model radial profiles for various values ofd0Rz.

Fig. 16. Comparison of interferometer-measured and BFM radial profiles
at three axial locations for the MPI SOS nozzle operating at a 500-ms flow
time with 10 psia in each plenum.

Table 2. Ballistic-model parameter fits to separately measured
density distributions from the inner and outer nozzle for the
profiles shown in Figure 16.

z ~cm! Inner Outer Notes

z0 ~cm! 2.14 0.91 fit
um ~rad! 0.157 0.1806 fit
ut ~rad! 0.087 0.087 geometric
Rn ~cm! 1.54 3.53 geometric
N ~10cm! 0.2 1.5E118 2.0E118 measured
N ~10cm! 2 1.3E118 1.8E118 measured
N ~10cm! 3.8 1.1E118 1.5E118 measured
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achieved using the same values ofRn, z0, ut , andum. This
suggests that these BFM parameters are descriptors for the
nozzles, and may be used to characterize density distribu-
tions at other axial locations and for other flow times.

Use of the BFM density distribution has a number of
advantages over use of the piece-wise interferometry-
measured distribution to which it is fit. The model pro-
vides an easy, physical means to interpolate radial density
distributions between axial measurement locations for finer-
zoned two-dimensional MHD calculations. The model pro-
videsn~r, z! for a range of pressures and plasma-flow times
by changing onlyN~z!. In addition, it can be used as a
design tool by varying BFM parameters to determine how
changes in the nozzle may alter load dynamics on a given
z-pinch driver ~to optimize distributions for maximum
K-shell yield, reduce zippering, etc.!, and to provide real-
istic puff-gas loads for modeling future experiments on
variousz-pinch drivers.

4. KINEMATICS OF DISTRIBUTED-MASS
IMPLOSIONS

To better understand the implosion dynamics of PRS loads
with radial mass distributions, consider first the simple slug
model for the implosion of a zero-thickness annulus of mass
m~g0cm! and initial radiusR0. The force equation takes the
form

m
d2R

dt2 5 2
I 2~t !

100R~t !
, ~9!

for radiusR ~cm!, time t ~s!, and pinch currentI ~A!. Equa-
tion ~9! is doubly integrated in time until a selected stagna-
tion radiusRf is reached at implosion timetimp. Multiplying
Eq.~9! by the implosion velocityV~t ! 5 dR0dt and integrat-
ing provides the implosion kinetic energyK at stagnation:

K ~J0cm! 5
1027

2
mVf

2 5 21029E
0

timpS I 2

R

dR

dt
Ddt, ~10!

whereVf 5 V~timp!. This form can also be derived by con-
sidering the electrical power into the time-varying induc-
tance of the imploding plasma:

L ~H0cm! 5 2 3 1029 lnS Rw

R~t !
D, ~11!

whereRw is the return-current radius. The total energy flow-
ing into the load region is

E
0

timp

I
d

dt
~LI !dt 5E

0

timpS1

2
I 2

dL

dt
Ddt 1 DS1

2
LI 2D. ~12!

The second term on the right-hand side is the change in
magnetic energy around the imploding load, so the that the
first term is the work done on the plasmaEW ~J0cm!:

EW 5
1

2
E

0

timp

I 2
dL

dt
dt. ~13!

EW is identical toK when Eq.~11! is substituted forL.
Equation~13! is the work done on the plasma in general, and
also holds for distributed-mass distributions for which the
current-flow radius is well defined. Note thatEW depends
most strongly on the current near the end of the implosion
wheredL0dt is largest.

The simplest distributed load is a nested pair of annuli,
defined by massesm1 andm2 initially at R1 andR2 , R1.
Current initially flows in the outer annulus, achieving
velocity V1 at time t1 when m1 collides with the station-
ary massm2 at radiusR2. For an inelastic collision, the
total massm 5 m1 1 m2 subsequently carries the current
to stagnation in accordance with Eq.~9!. The velocityV
of the total mass att1 is determined from conservation
of momentum during the collision:V~t1! 5 m1V1~t1!0m.
Internal energyEint 5 m1V1

2~t1!02 2 mV2~t1!02 due to
shock heating at collision is thus created. If this internal
energy is not radiated away during the remainder of the
implosion, energy balance at stagnation requiresEW~timp! 5
K~timp! 1 Eint . This nested-annuli example demonstrates
that the work done on the plasma always exceeds the im-
plosion kinetic energy when the mass is not distributed in
a single thin annulus.

For continuously distributed gas-puff density distribu-
tions, the implosion kinematics are most simply described
by radial snowplow implosions in which the pinch current
flows in a thin layer at radiusR, so that

d

dt
FDm~R!

dR

dt
G 5 2

I 2

100R
. ~14!

Here,Dm~R! is the mass swept up by the magnetic piston
between an initial discharge-breakdown radiusR0 andR~t !:

Dm~R! 5 2pE
R

R0

rr dr, ~15!

wherer ~g0cm3! is the radial mass-density distribution of
the initial gas puff. In what follows, Eq.~14! is doubly
integrated in time untilR reachesRf at t 5 timp usingr from
BFM distributions at selected axial locations~Mosheret al.,
1999!.

As in the slug-model example above, Eq.~14! can be
multiplied bydR0dt and integrated over time, to yield

K 1E
0

timp 1

2SdR

dt
D2SdDm

dt
Ddt 5 EW. ~16!

The middle term can be identified as the internal energy
continuously created by shock heating in the accreting-mass
layer at the imploding magnetic piston. If the internal en-
ergy is not radiated away during implosion, it should con-
tribute to heating of, and radiation from, the stagnated plasma.
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Radial snowplow implosions in BFM density distribu-
tions were carried out at various axial positions for represen-
tative shots of the DE SOS experiment~Szeet al., 1999!.All
of the shots used 4-cm-long argon loads with the nozzle-
output plane at the cathode. The inner and outer nozzle pres-
sures were adjusted to achieve various radial distributions
over a range of implosion times. The BFM density distribu-
tions for each analyzed shot were determined by scaling the
inner- and outer-nozzle line densities shown in Table 2 by
the corresponding shot pressures divided by 10 psia.

For the implosion computations, measured current histo-
ries for each shot, rather than a circuit model, were em-
ployed. For each axial locationz, an initial radiusR0~z!
for current flow was chosen by assuming breakdown at
13 1013 cm23 argon density on the outside of the distribu-
tion. Increasing the breakdown density by a factor of ten,
with a corresponding decrease in initial radii, did not signif-
icantly change the implosion timestimp~z!. Consistency be-
tween the experiment and analyses of the modeled shots was
then determined by comparing the range of computedtimp

values with the timing of the measuredK-shell radiation
pulse. Figure 17 shows an example of this analysis for im-
plosions near the cathode~nozzle plane! atz50.2 cm, at the
center of the 4-cm-long pinch, and near the anode at 3.8 cm,
along with the measuredz-pinch current andK-shell radia-
tion pulse. The figure demonstrates that the computed im-
plosion times are consistent with the BFM density
distribution, current pulse, andK-shell radiation signal. For
these computations, stagnation is assumed at a radiusRf 5
0.25 cm, a value comparable to the outside radius ofK-shell
pinhole images~Fig. 20!. For all of the Double Eagle nested-
shell distributions examined, anode-side snowplows are com-

puted to implode earlier than those nearer the cathode, even
though anode-side implosions start from larger radius. This
is due to the lower line densities and more diffuse distribu-
tions that occur with increasingz.

The implosion behavior shown in Figure 17 is mirrored in
2-D MHD DELTAcode simulations of nested argon shell im-
plosions using BFM density distributions~Waismanet al.,
1999!. For this application, the unstructured triangular-mesh
DELTA code was run in Eulerian mode with one tempera-
ture, a coronal-radiative equilibrium equation of state, and
Spitzer resistivity at the average ionization state. Such 2-D
modeling is required to self-consistently include Rayleigh–
Taylor-instability, axial-motion, and internal-plasma-state
effects on the implosion dynamics, though some of these
phenomena have been modeled with a 2-D snowplow model
~Shishlovet al., 2000!. Figure 18 shows three snapshots in
time from the 2-D MHD computation that demonstrate a
change in the tilt of the current path midway through the im-
plosion. As in the Figure 17 snowplow calculations, the
current-path boundaries at early times tilt outward towards
the anode, following the spreading gas-puff distribution. Later
in time, the tilt changes direction due to higher anode-side

Fig. 17. Shot 4412 load-current and K-shell-radiation pulses along with
computed snowplow-implosion radii at three axial locations.

Fig. 18. Two-dimensional MHD computations for the conditions of shot
4428 using BFM fits to the initial density distribution. For each figure, the
nozzle is at bottom.
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velocities in the more diffuse, lower-mass distributions, re-
sulting in anode-to-nozzle zippering at stagnation. Similar
current-channel dynamics has been observed in recent single-
nozzle~similar to Fig. 12a! neon-implosion experiments con-
ducted on the NRL Hawk driver using an Alameda Applied
Science Corp.~AASC! shearing interferometer~Qi et al.,
2002!.

For both the snowplow and MHD calculations, implosion
occurs first at the anode and progresses over 20 ns to the
nozzle. Though observed on 400-ms flow time shots, this
prediction does not agree with the timing of axially resolved
PIN-diode-array measurements on 500-ms flow-time shots.
Mechanisms associated with subtleties of gas flow not cap-
tured by interferometry, nonuniform preionization~Sect.
2.4!, and instability effects are being considered to resolve
this discrepancy. Even so, the measured axial variation of
K-shell yield from this diagnostic is shown below to agree
with the analysis.

5. K-SHELL RADIATION YIELD FROM
SNOWPLOW IMPLOSIONS

TheK-shell yield can be estimated from a simple two-level
radiation-scaling model~Mosheret al., 1998! requiring in-
put of the implosion energy at stagnation, the stagnation
radius, and the line mass. Snowplow implosions provide the
stagnation energyEW~z! at various axial locations of the
BFM mass distributions. Alternately, the implosion kinetic
energyK~z! can be calculated frommVf

202 at each axial
location. Results of energy computations for the shot of
Figure 17 are shown in Figure 19. About a 50% increase in

EW is computed asz increases from nozzle to anode. The
roughly 5-kJ0cm difference betweenEW andK is due to the
creation of internal energy. The dotted curve in Figure 19 is
discussed at the end of this section. The local line massm~z!
derives from the ballistic-model density distributions asso-
ciated with the shot nozzle pressures, as described in Sec-
tion 3. The axial variations ofEW andm were then used to
estimate the argonK-shell yield per centimeterdY0dz
~J0cm! from the two-level model assuming a constant
0.25-cm stagnation radius.

Results of the radiation calculations are shown in Fig-
ure 20 for the implosions of Figure 17, where they are com-
pared with axially resolved PIN-diode-array measurements
for the same shot. This zipper diagnostic uses a linear array
of 14 silicon PIN diodes that are positioned behind a per-
pendicular slit to provide a time-resolved record ofK-shell
emission as a function of distance along the pinch~Coleman
et al., 1999!. In general, the sum of the zipper-diode signals
agrees well with theK-shell power waveforms measured
with total-pinch-viewing XRDs and PCDs, and 1-D “pic-
tures” of implosions derived from time-integrated zipper
data agree well with 2-D pinhole images. For comparison
with thedY0dzprediction of Figure 20, the zipper data were
time integrated and summed in 1-cm increments along the
pinch.

Both measurements~dash-dot! and modeling~solid! in Fig-
ure 20 show an increase in local yield asz increases, a trend
generally observed during the DE SOS experiment. The dot-

Fig. 19. Variation of total implosion energy~solid! and kinetic energy
~dashed! with axial position for shot 4412. The dotted line shows the
variation of energy when the mass is everywhere reduced to the value at
3.8 cm.

Fig. 20. CalculatedK-shell yield versus axial position~solid! compared to
axially resolved PIN-diode-array measurements~dot-dash! for the implo-
sions of Figure 17. A time-integratedK-shell pinhole image for that shot
with a 0.5-cm-long bar is shown to the axial scale of the plot. The dotted
line shows the calculated variation of radiation when the mass is every-
where reduced to the value at 3.8 cm.
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ted curve is discussed at the end of this section. The time-
integrated X-ray pinhole image for the shot with a 0.5-cm-
long scale bar is shown to the axial scale of the plot.The~false
gray-scale! intensity distribution of the image confirms the
plotted increase in radiation away from the nozzle and the
;0.25-cm radius for X-ray emission. In the two-level calcu-
lation, dY0dz increases withz becauseEW does. Thus, the
observed yield increase withzmay not be primarily a man-
ifestation of 2-D instability effects, but may be associated
with larger implosion energies for the anode-side distribu-
tions. Instability mediation provided by the distributed-mass
load may have permitted the 1-D energetics advantage of the
anode-side distributions to be expressed. Conversely, single-
nozzle experiments have demonstrated reducedK-shell
radiation close to the nozzle attributed to the higher R-T in-
stability levels of annular distributions~Coleman & Levine,
1999!. In support of this view, good X-ray-yield performance
for diffuse distributions from widely dispersed single noz-
zles has been demonstrated in recent 5-cm-diameter neon gas-
puff experiments on Hawk~Moosmanet al., 1999b!. Thus,
both 1-D and 2-D mechanisms may be responsible for the
observed yield per centimeter increase withz.

The 11.3-kJ integral of the two-leveldY0dz over z from
Figure 20 is well matched to the 11.7-kJK-shell yield on this
shot measured with aK-shell-filtered XRD. UsingRf 5
0.25 cm, similar agreement between computed and mea-
sured yields was obtained on other analyzed shots for which
the computed implosion time agreed with that observed.
Whenz-averaged values ofEW andm are used in the two-
level model for these shots, the single value of calculated
yield also agrees well with the integral underdY0dzand the
measured yield. This agreement provides a means to esti-
mate the two-level yield for the full shot series using only
z-averaged masses derived from the shot nozzle pressures
and the BFM distributions, andz-averaged implosion ener-
gies scaled from the peak shot currentIm: ^EW ~kJ0cm!& 5
1.9Im

2 ~MA !. Results of these calculations are shown in Fig-
ure 21 as a function of implosion time and are compared to
the corresponding XRD-measured yields for the Double
Eagle test series. Calculated yields based onEW are seen to
reproduce the experimental trends. The yield computations
were repeated using the kinetic energy at stagnationK rather
thanEW. The predictedK-shell yields usingK are well be-
low the experimental values, suggesting that internal energy
contributes to radiation excitation at stagnation.

The measurements and analyses presented here can be
used to assess possible improvements in X-ray performance
due to modified gas-puff-nozzle characteristics. Consider-
ation is limited to modifications that will not invalidate
either the BFM or implosion parameters found to fit the
experiment. For example, increasing the outer nozzle radius
Rn may lead to increased R-T disruption of the implosion,
resulting in an unpredictable change in the effectiveRf , the
value of which conforms with X-ray pinhole measurements
and agreement between two-level modeling and yield mea-
surements. One modification suggested by both the 1-D

analysis and experiment would be to preserveRn, ut , andum,
but choose a constant line densityN along the full length of
the pinch equal to the measured value at 3.8 cm. In 1-D, such
a change would reduce implosion-time zippering and in-
crease implosion energy near the nozzle. In addition, argon
gas-puff experiments and associated 2-D MHD computa-
tions indicate an improvement in implosion quality with
reduced zippering due to reduced axial flow~Deeneyet al.,
1993!. In practice, this change might most easily be achieved
by replacing the present gas-puff valve with one faster open-
ing, so that the generator fires on them~t ! plateau. An ex-
ample of such a valve developed by AASC was tested at
NRL using nozzle number 2 in Table 1. The fast valve re-
duced the argon gas rise time from 300ms to 100ms and
would produce constantN conditions about 150ms after the
gas starts to emerge from the nozzle, a reasonable timing for
PRS experiments.

Results of the 1-D modeling with this constantN modifi-
cation are shown by the dotted curves of Figures 19 and 20.
Increased implosion energy results from decreasing anode-
to-nozzle zippering to about 5 ns. The associated increase in
dY0dz results in a calculated 48% increase in total yield
above that with the previously discussedN~z!. The dramatic
improvement suggested by the idealistic 1-D computation
may not be realized because of persistent nozzle-side R-T
instability. An additional design improvement that does not
compromise modeling parameters is extending the anode to
6 cm from the nozzle and defining a new cathode by a
transparent wire mesh about 2 cm from the nozzle face.
Such a modification has been found to boost cathode-side

Fig. 21. Two-level K-shell yield as a function of implosion time using
either the work done on the plasma or kinetic energy as the stagnation
energy compared to the corresponding XRD-measured yields for the SOS
Double Eagle test series.
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K-shell radiation by eliminating the single-nozzle R-T-
unstable annular distribution from the load region~Coleman
& Levine, 1999!. For this modification, the BFM can be
used for analysis withz5 2–6 cm.

6. CONCLUSIONS

Density distribution measurements using a high-sensitivity
two-color laser interferometer have been reviewed for a
wide variety of gas-puff PRSz-pinch experiments. These
accurate gas-distribution measurements are required for
determining experimental load parameters, modeling im-
plosion dynamics, understanding the radiation properties
of the stagnated pinch, and for predicting PRS perfor-
mance in future experiments. Gas distributions have been
measured from four general nozzle categories: single shells
with shaped high-Mach-number nozzles, single shells with
short, narrow nozzles, nozzles designed to produce “solid”
~well filled-in! gas distributions, and double-shell nozzles.
In addition to the neutral-gasr–z distribution, measure-
ments of azimuthal symmetry and ionization produced by
a UV flashboard source have been reviewed. Interferom-
etry measurement and analysis techniques were exempli-
fied using data obtained with the MPI double-shell nozzle
fielded on DE and the SNL Saturn generator. This nozzle
was chosen as an example because its density distribution
is more complex than for other cases, and because model-
ing based on the gas-distribution measurements has been
benchmarked against the DE experiments.

A simple ballistic-gas-flow model was shown to provide
good physics-based analytic fits to the measuredr, zdensity
distributions. These BFM fits provide a convenient means to
smoothly interpolate radial density distributions between
discrete axial measurement locations for finer-zoned two-
dimensional MHD calculations. The BFM has also been
used to determine how changes in nozzle parameters and
load geometry might alter implosion dynamics and radia-
tion performance. The utility of the BFM was demonstrated
in an analysis of the MPI shell-on-shell gas-puff experi-
ments on Double Eagle. For the analysis, radial snowplow
computations at various axial locations were combined with
a two-level radiation model to predict theK-shell yield as a
function of z. Both this analysis and the experiment show
increased yield per centimeter with increased distance from
the nozzle, suggesting that modified gas-puff-nozzle char-
acteristics may achieve an increase in overallK-shell yield
by boosting yield per centimeter close to the nozzle. Simple
nozzle modifications were suggested that resulted in a sub-
stantial calculated yield increase.

The snowplow and radiation-scaling analyses provided a
technique for predicting theK-shell yield for the full shot
series of the DE SOS experiment using only summary spread-
sheet information. Predicted yields agree with measure-
ments over the range of experimental implosion times and
demonstrate the importance of accurate density-distribution
data. This agreement also demonstrates the ability of simple

implosion and radiation models using this data to aid in the
design of, and to predict performance of, gas-puff loads on
future experiments.
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