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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 soufB&®S 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 mode(BFM) has been used to provide good physics-based analytic fits to the measudedsity
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 incrd&shélleyield.

1. INTRODUCTION future experiments. These measurements indicate how

changes in pressure and timing in experiments affect the
A high-sensitivity laser interferometéWeber & Fulghum, initial mass distribution. Specific nozzle designs can be tested
1997 has been used to measure gas density distributiorend modified to obtain desired gas distributions, and gas-
from a wide variety of nozzles used in plasma radiationdynamics codes used for nozzle design can be benchmarked
source(PRS zpinch experimentgDeeneyet al., 1993; against interferometer data.

Coverdaleetal., 1996; Sanforét al., 1996a; Colemaret al., The density distribution in the load region is determined
1997; Weberet al., 1997, 1999; Commissoet al, 1998; by integrating the gas density along a horizontal laser-beam
Levineetal., 1998, 2000; Moosmaet al., 199%; Szeet al., line of sight as a function of time at one axial distance from

1999; Shishlowet al., 2000; Songet al,, 2000. These gas- the nozzle and one vertical distance from the symmetry axis.
puff loads provide intense sources K¥fshell X-radiation  The nozzle is moved in steps to cover the gas-distribution
not accessible with wire array®eeneyet al., 1995, 1998; cross section, and the measurements are Abel-inverted to
Sanfordet al, 1996; Spielmanet al, 1997, and their compute the local density(r, z, t). Several examples are
naturally diffuse mass distributions may provide mediationshown to illustrate the technique. In addition to neutral-gas
of the Raleigh—Taylo(RT) instability (Gol'berg & Veli- r—zdistribution measurements, the instrument has been used
kovich, 1993; Hammeet al., 1996; Colemaret al., 1997; to determine the azimuthal symmetry of tested nozzles and
Deeneyet al., 1998; Velikovichet al., 1998, 199&; Shish-  to measure the preimplosion ionization distribution pro-
lov et al., 2000 believed to be endemic to large-radius PRSduced by an intense ultraviolétV) flashboard source.
loads. Accurate gas distributions are required for deter- A simple ballistic-gas-flow mode{BFM) has been used
mining experimental load parameters, modeling implosiorto provide good physics-based analytic fits to the measured
dynamics, understanding the radiation properties of—zdensity distributions of several nozzles. These BFM fits
the stagnated pinch, and for predicting PRS performance iprovide 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
Address correspondence and reprint requests to: D. Mosher, Code 6770n | t d load t ight alter i |
Naval Research Laboratory, 4555 Overlook Ave., S.W., Washington, DG NOZZI€ parameters and load geometry might alter implo-
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The utility of the BFM is demonstrated in an analysis of lengthA = 532 (GR) and 1064(IR) nm are each split into
long-implosion-time argon nested-shell, or shell-on-sheltwo beams, one traversing the g@sene beajnand one
(SOS gas-puff experiments on the Maxwell Physics Inter-traversing vacuunireference beanThe two scene beams
national(MPI) Double Eagle(DE) generator(Szeet al,  can be aligned along the same path through the gas for
1999. The goal of such experiments is to achieve efficientsimultaneous, two-color interferometry. For gas-only mea-
K-shell radiation production with slower and less-expensivesurements, single-color interferometry is sufficient. The
pulsed-power drivers. The 200-ns implosion times of thesewo-color technique is useful when, as discussed below
experiments require larger-raditend more R-T-unstable for gas ionized by a UV source, distinct gas and free-
loads than used with 100-ns drivers to achieve the higlelectron distributions are to be measured.
implosion velocitieqlow load massesneeded for optimal When the scene beam traverses gas, its phase velocity is
K-shell radiation productiofiThornhill et al., 1996; Mosher reduced because the index of refraction is greater than 1.
etal, 1998. ArgonK-shell yields from large-radius implo- The beams are recombined using optics and detection elec-
sions on the GIT-12 generator have been shown to increageonics that are configured to directly measure the sine of the
dramatically due to R-T mitigation when double-shell argonphase difference between the reference and scene beams as
gas puffs replaced single shelShishlovet al.,, 2000. For  a function of time. The line-integral of the gas dendityis
the DE analysis, radial snowplow computations at varioudlirectly proportional to the measured phase shifiradians
axial locations are combined with a two-level radiation model
(Mosheret al., 1998 to predict theK-shell yield as a func- - A n
tion of z. Both this analysis and the experiment show in- N (y) = f n(r)dx= — — A, (1)
creased yield per centimeter with increased distance from * 2mv-1
the nozzle, suggesting that modified gas-puff-nozzle char-
acteristics may achieve an increase in oveadihell yield  wheren is the density at radius= \x2 + y2, andv is the
by boosting yield per centimeter close to the nozzle. Simpléndex of refraction at density,. For argon, the line-integrated
nozzle modifications are suggested that indicate a substagensity is given by
tial calculated yield increase.

N (cm™2) = 2.7X 103X (nm)A¢ (°). (2)
2. GAS DISTRIBUTION MEASUREMENTS

Gas distributions from PRS nozzles are measured usin§ophisticated vibration isolation provides a phase-shift
high-sensitivity laser interferometrgWeber & Fulghum, sensitivity of 104\ (0.036) for time scales of 1 ms or
1997 with the arrangement illustrated in Figure 1. Theless. This high sensitivity allows measurements of low line
shaded region represents a generic, azimuthally-symmetrigensities(above about 5 10** cm~2 for the green beain
gas(and/or free-electropdistribution centered at the ori- such as those in the important low-density region around
gin of a cartesian coordinate system with the axis of symthe periphery of a gas puff. Typical maximum argon line
metry alongz and thex—y plane parallel to the face of the densities are 1 cm~2 or greater, resulting in green-beam
gas nozzle. Gas emerging from the nozzle propagates prphase shifts of 70or more. The dynamic range of the line-
marily in thez direction. Two c. w. laser beams with wave- density measurements can therefore be 2000 or more. Mea-
surement precision decreases as the phase shift approaches
18C. The IR beamis used for cases where the line-integrated
- density is too large to be measured accurately using the
reference beams green beam, doubling the range for accurate measurements.
1 Line-integrated density is measured as a function of time at
one distancg from the nozzle axis, and the standard devi-
ation of multiple measurements is used as an estimate of the
uncertaintyA N, . This uncertainty is usually determined by
scene the shot-to-shot reproducibility of the valitgozzle system
beams and not the interferometer.
Many important gas flow parameters can be derived
X from line-density measurements. Their derivation will be
illustrated using data obtained with the MPI SOS nozzle
\ fielded on DE and the Sandia National Laborato(i®klL)
gas + Saturn generatofSzeet 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-
Fig. 1. Optical arrangement for two-color interferometry. marked against the DE experimeri&ects. 4 and b
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Fig. 2. Laser lines of sight for azimuthal symmetry testzat 0.2 cm.

2.1. Azimuthal symmetry

581

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 60increments inside a vacuum test chamber
while keeping the laser beam horizontal. The lines of sight
were located at = 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‘edidd at+ 180 indicate that

It is desirable for the gas distribution to be as azimuthallythe gas flow and measurement techniques are highly repro-
symmetric as possible. Azimuthal asymmetry will limit the ducible. The gas is first detected at this axial location about

stagnation radius of the implosi¢Mosher, 1994and there-

150 us after the breakdown pin signal = 0. The line

fore reduce the X-ray yield. A high degree of symmetry isdensities increase to a plateau level of about6lB8*’ cm™2
also a practical concern for interferometry in order to accu-after an additional 85@.s. A typical timing used in experi-
rately determine the radial dependence of the gas densityients i¢ = 500us as indicated in Figure 3. At this time, the

from an Abel-inversion of the line-integrated density.

gas distribution of the outer shell is highly symmetric. The
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The lines of sight used to determinér) atz= 0.2 cm for
the SOS nozzle with 10 psia in each nozzle are illustrated in
Figure 4. The outermogtvalue is determined empirically to
be where the line-integrated density drops to within the
measurement sensitivity. Th¢ (t) data for these lines of
sight are plotted in Figure 5. Fgr< 2 cm, the laser beam
probes both shells. For > 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 mechanis(Bonget al., 2000.

The line-density data &t= 500 us are plotted versusin
Figure 6(square symbo)sThe error bars represent plus or
minus one standard deviation AN, determined from the
three measurements. The data are converted to the local
densityn(r) by connecting theN, (y) points with cubic-

increased asymmetry at later times may indicate that implogpjine polynomials subject @, /dy= 0 aty=0 andy = Yo,
sion quality would degrade for these conditions. In whatyherey, is the outer-boundary point. Equati¢d) can then
follows, the gas distribution is assumed to be azimuthallyhe solved analytically. The resulting density distribution is

symmetric.

2.2. Radial gas distributions

also shown in Figure €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

The nozzle is moved vertically inside the vacuum test chammeans to propagateN, through Eq.(3) to determineAn.
ber to measurbl_(y) at enougly locations to determine the The error in density tends to increase as the radius de-

radial gas distribution. The local densityr) is computed

(assuming azimuthal symmejrlgy Abel inversion from

N =L [TIN_ A 3
mJr dy Vy2—r?

The uncertainty in the densityn is determined by propa-

gating the measurement ermbN, through Eq(3).

creases, because more measurements are involved in the
inversion calculation. The nonzero densityrat 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

> (¢
T T

Ar Line-Density (107 cm™®)
N
T

Fig. 5. Line-integrated-density measurements at
z= 0.2 cm from the nozzle.
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and reproducibility of the valvnozzle system is sufficient the inward tilt angle. The density on the axis is essentially

to obtain meaningful data.

zero for all three distances.

An r—z cross section of the SOS nozzle is shown in Fig- The density distribution varies substantially with distance
ure 7 along with the measurement lines of sight. Each nozzl&om the nozzle, changing from two separated annuli close
is tilted 5 towards the axis of symmetry as indicated by theto the nozzle to a slowly varying, diffuse distribution 3.8 cm
dashed lines from the “throatgthe radial constrictions at from the nozzle. The two-dimensional nature of the gas
the start of each nozzléhrough the center radius of the exit distribution results from radial expansion of the gas out of
apertures. Radial gas distributions were determined at thretae nozzles. Analytic fits to these distributions in Section 3
distances from the nozzle:= 0.2, 2.0, and 3.8 cm. These are used to model implosions and radiation production in
distances were chosen to map the density at locations rel&ections 4 and 5.

vant to recent DE experiments with 4-cm-long lod8ze
et al,, 1999. The resulting density distributions are plotted
in Figure 8. Atz= 2 cm, the two shells are starting to overlap

2.3. Mass loading and pressure scaling

atr = 2.5 cm. Atz= 3.8 cm, the overlap is more significant. The mass per unit lengti (g/cm) is determined from the
The peak density associated with each nozzle decreasése-density measurements using
with distance and moves to smaller radius, consistent with

y(em) |
NN
\ R S
AN 7__7“_

z{cm) =0.2

Fig. 7. Laser lines of sight iy—z plane.
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m= 2mA,f N dy, (4)
0

wheremy,, is the mass of an argon atom. Equati@ is
more precise than an algorithm based on the deriedl
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 = 500 us) used in experiments, the mass varies
from 221ug/cm close to the nozzle to 1@/cm 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 valueg of
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
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Fig. 8. Radial density distribution& = 500us, 10 psia
for three distances from the nozzle.

Ar Density (10”7 cm™®)
T

pressure. Higher-pressure measurements were required 204. Preionization

determine load characteristics for the higher currents of Sat-

urn. For this study, the density is not mapped over the crosBreionization may be important to improve gas-finch
section. Instead, the line-integrated density is measured @nplosion quality by providing a high-conductivity region
z= 0.2 cm, andy = 0. To a good approximation, this line- on the periphery of the gas for azimuthally symmetric cur-
integrated density through the axis of symmetry is propor+ent initiation(Weberet al., 1998; Rousskiklet al., 1999.
tional to the mass per unit length. The mass is proportionaln addition, experiments with double-shell nozzles on GIT-4
to pressure in the 5- to 20-psia range. For 20—40 psia, that the High Current Electronics Institute, Tomsk, Russia
mass is proportional t@pressurg’-®. This scaling informa-  (HCEI) indicated the importance of preionization for pre-
tion can be used to construct density distributions for anyenting premature current flow in the inner shebaksht
pressure in the range based on the detailed density mags al.,, 1997). An intense-UV flashboard source was devel-

measured at 10 psia. oped at the Naval Research Laborat@dRL) for gas-puff
¥ I ' I ! I
300 1
3
L
g 200 _
=
g’ 4 Fig. 9. Mass per unitlength derived from the line-
g integrated-density measurements at three distances
g; from the nozzle.
© = 4
g 100
<
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z(cm)=0.2 Plasma

"Plasma Shield"

Plasma

UV-Flashboard
Preionizer

Fig. 10. Preionization arrangement for the SOS nozzle. The UV-flashboards are semicircular strips of electrode gaps with arectangular
“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.

preionization(Weberet al., 1998; Moosmaet al., 199%). tion into about = 2.5 cm. At this location, the ionization is
The configuration used to measure the preionization of thd0-20% in the = 4.5-5 cm region.

SOS nozzle is shown in Figure 10. Two semicircular flash-
board strips are each powered by a iB-capacitor bank
charged to 22 kV, producing a damped sinusoidal curren
with 50-kA amplitude and 4«s period. The flashboard ring
is located 17 cm from the nozzle, far enough to delay arrivalThe measurement technique and analyses described above
of plasma to the PRS region until after implosion, yet closehave been used at NRL since 1995 to measure gas distribu-
enough for sufficient UV intensity to significantly ionize the tions used in many PRS experiments. The nozzles diag-
gas. Plasmas from the flashboards propagate toward the axi®sed in this way are listed in Table 1. Each nozzle is
of the flashboard circle with typical velocity of a few centi- identified by the laboratory responsible for its development,
meters per microsecond. The plasma density in the PR&e generatds) on which it was fielded, the generic type of
region is negligible for the first 3s after firing the capac- gas distribution(annular, solid, or double-shgllthe inner

itors. The intense UV radiation that reaches the periphery ofliameter(ID) and outer diametefOD) of the nozzlés) at

%.5. Review of PRS nozzles and representative
gas distributions

the gas distribution promptly photoionizes the gas. the exit plane, the gas used, and relevant references to gas
The interferometer is used in either the two-color or single-measurements or PRS experiments.
color mode to measure the plasma and gas denskMess- The 18 nozzles listed in Table 1 encompass a large variety

man et al., 1998). The radial distributions of the electron of PRS experimental conditions. Based on measured gas
and gas densities for the SOS nozzleat0.2 cm are shown  distributions, the nozzles can be organized into four general
in Figure 11. The flashboards were fired 408 after the categories to illustrate their major differences. Single-shell
breakdown-pin fiducial. The ionization 3s later is a hol- annular gas nozzles are represented by two categories, those
low shell on the outer 0.5 cm of the gas distribution. Thewith “shaped” nozzlegsnumbers 2, 4-6, 11-13, 1&nd
maximum ionization is about 3%. The ionizing radiation those with short, narrow nozzléaumbers 1, 8—10 The

does not penetrate into the inner shell, consistent with photahird nozzle category includes those that are designed to
ionization cross sections and the density profileszAt produce “solid”(well filled-in) gas distributiongnumbers

3.8 cm, the gas density distribution is more diffusee 3, 7, 14, 16. The fourth category includes double-shell
Fig. 8), allowing penetration of UV and significant ioniza- nozzles(numbers 17, 18

https://doi.org/10.1017/5026303460119405X Published online by Cambridge University Press


https://doi.org/10.1017/S026303460119405X

586 D. Mosher et al.

2.5 T T T T 5
20
e 15[ @
cE> § Fig. 11. Gas(na, squaresand electrorn(ne, circles
to 30 density distributions a = 0.2 cm resulting from pre-
Z 10 T ionization, 3us after flashboard trigger and 4Qs
::‘E =°  after breakdown pin.
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0.0
0

r (cm)

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

ID2 oDP
Lab. Generator Type (cm) (cm) Gas References
1 NSWC Phoenix Annular 3.35 3.65 Ar Noltinet al., 1995
Peterson & Weber, 1995
Weber & Fulghum, 199G
Weberet al., 1997
2 SNL Saturn Annular 15 3.5 Ar, Kr Sanfoed al., 1996
3 SNL Saturn Solid 4.5 Ar, Kr Sanforet al., 1996
4 MPI BJ5Y Aced Annular 3 4 Ar
5 MPI Aced Annular 4.2 5.8 Ar Colemaat al., 1997
Weberet al., 1997
6 MPI Ace4d Annular 10.4 12.4 Ar
7 MPI Aced Solid 7 Ar Colemaet al., 1997
Weberet al., 1997
8 NRL Hawk Annular 1.9 2.1 Ne Commissd al., 1998
9 NRL Hawk Annular 3.4 3.6 Ne Commissa al., 1998
10 NRL Hawk Annular 4.9 5.1 Ne Commissbal.,, 1998
11 MPI Pithon Annular 3.6 4.4 Ar Coverdads al., 1996
12 MPI Pithon Annular 5.5 6.5 Ar Coverdaleet al., 1996
12a 5.25 6.75
13 MPI DM2, DE, Saturn Annular 4.2 5.8 Ar Webet al., 199%
14 MPI DM2, DE, Saturn Solid 1 7 Ar Levinet al., 1998
Weberet al., 1998
Weberet al.,, 199%
Moosmaret al., 199%
Levineet al., 2001
15 MPI Pithon, DE, Ace4 Annular 2 3 Ar Deeneyal., 1993
Coverdaleet al., 1996
16 MPI DM2, DE Solid 1 10 Ar Levinet al.,, 1998
17 MPI DE, Saturn 2 shells 2,6 4,8 Ar, Kr Seeal., 1999
Waismaret al., 1999
Ingermansoret al., 1999
Weberet al., 1999b
Songet al., 2000
18 HCEI GIT-12 2 shells 2.3,5 3,6 Ar Shishlet al., 2000

anner diameter of the nozzle at the exit plane.

bQuter diameter of the nozzle at the exit plane.

°NSWC: Naval Surface Warfare Center, White Oak, MD, USA.
dBlackjack 5.
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Contour plots of the gas distribution for a representative The annular nozzle depicted in Figure 1@amber 1 in
nozzle from each category is shown in Figure 12. In eachlable ) was used successfully on Phoefidolting et al.,
case, the density distribution corresponds to typical argon1995. It has a narrow, short nozzle formed by concentric
gas-fill parametergpressure and timingused in the corre- cones that produces a very hollow gas distribution at the
sponding PRS experiments. The density contours are derivatbzzle exit. This nozzle has a large inward tilt an¢ld°)
using data like that in Figure 8. The qualitative nature of theand produces a highly divergent flow that increases the
gas flow and approximate density values are well repreradial thickness of the shell with distance from the nozzle.
sented by the contour plots. Contours are identified with théfThe combination of the divergence and inward tilt result in
gas density in units of 6 cm™3 Low-density contours a distribution that is peaked on axis, 3—4 cm from the noz-
(<10% cm~3) have been suppressed for visual clarity. zle. Though very annular close to the nozzle, this type of

(d) r (cm)
5 13
3.51
1.51
\ — 1—; S —s
0 ; .’4’1 :IB z(cm')

Fig. 12. Sample nozzle—z cross sections and measured gas-distribution contourglfosingle-shell nozzlefa) Phoenix 3.5-cm
diameter andb) MPI 5-cm diamete}; (2) “Solid” fill nozzle [(c) MPI 7-cm diamete}; and(3) double-shell nozzlg(d) MPI SOS.
Argon density contours are denoted in units of%€m3.
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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 th&-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.

;D\\\&u >z

Fig. 13. Ballistic-gas-flow model parameter definitions overlaid on the

MPI SOS nozzle geometry. The ballistic-gas-flow modelBFM; Mosheret al., 1999
treats flow from a gas-puff nozzle as emanating from an
imaginary thin annulus of radiug, with a Gaussian distri-

nozzle creates gas distributions that have a strong twg?ution in polar angles, about a nozzle tilt anglé, and
dimensional nature. propagates the distribution ballistically forward anThe

Amore conventional single-shell annular nozzle is repregeometry IS §hown in Figure 13 for the MPI SOS nozzle.
sented by the MPI 5-cm nozzle used on Decade Module Jhe an.nulus is set back from the face.of the nozzleao'
(DM2), Double Eagle(DE) and Saturn, shown in Fig- b_y a dls_tancezo to account for the width (_)f the dens_lty
ure 12b(number 13 in Table )L The nozzle is longer and distribution at the nozzle face. The center line of the_ diver-
more contoured than the Phoenix nozzle to produce a higeNce cone passes through the nozzle face at révjius
Mach-number flow, but by necessity produces thicker shellfo ~ i Zo.

close to the nozzle. The divergence is noticeably less than 1€ BFM distribution can be derived with the aid of
for the Phoenix nozzle. Figure 14. For local cartesian coordinates with origin on the

Solid-fill nozzles with more uniformly distributed gas ©Mission annulus &Ry, ¢, —2) as shown, the gas is emit-
distributions are being considered as a way to mitigate in{€d in @n angular Gaussian probability distributRgiven
stabilities during implosions from large initial radii. A rep- ?Y
resentative example is the Pl 7-cm diameter solid-fill nozzle
shown in Figure 12¢number 14 in Table )1 Most of the dP 1 [ 02+ (6, + 9{)2]

3. BALLISTIC-GAS-FLOW MODEL

7-cm diameter is filled with gas and the flow is relatively (5
straight and well confined.

The double-shell MPI SOS nozzle in Figure Iadmber
17 in Table 1 is the nozzle used above to illustrate the gaswhered( is an element of solid angle. The angular distri-
measurement technique. These density contours are derivedtion can be referred to the poimt 0, z) at whichn(r, z) is

using the data in Figure 8. This nozzle can produce a varietjo be evaluated using the small-angle relations

— = —ex
do 762 P 02

|_annular Gx
\nozzle

f : "  \ Fig. 14. Ballistic-gas-flow model coordinate
| _»7 geometry.
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rsin¢_ o — rcosg — Ry 2.E+17 :

T 24z Y z+ z, ©) 0.2cm
The density atr, z, t) is determined from the line density 5, 1.E+17
N(1/cm) = m/m,, emitted at the face of the nozzle at time c 1
t—z/V, (Sect. 2.3, whereV is the flow velocity of the gas.
The contribution ton(r, z) over arealAdue to the increment 0.E+00 - =
dN = Nd¢/27 emitted at(Ry, ¢, —zo) is
1.E+17 -
dP Nde  dP o
=dN— = ——— — £
dn=dN A = orzr 2 da 7 s "
[l
Substituting from Eqs(5) and(6), and integrating Eq(.7) 0.E+00
over¢ leads to 1E+17
N rz+RZ 21R, -
n(r,z) = Fexp BT lo 57 ) (8) £E>,
c
whereR,(z) = R, — 20, is the radius of the divergence cone
center line ar, 6(z) = (z+ z0) 0, measures the radial width 0.E+00 ’ } f :
of the divergence cone af andlg is the modified Bessel 0 1 2 3 4 5 6
function of zero order. r(cm)

The shapes of ballistic model density profiles at VariousFig. 16. Comparison of interferometer-measured and BFM radial profiles
axial locations are specified by the single paraméi&,. at three axial locations for the MP1 SOS nozzle operating at aj0few
The dependence of shape on this parameter is shown iime with 10 psia in each plenum.

Figure 15. Fob/R, < 1, the radial density distribution is a
thin Gaussian annulus centered abRutForé/R, > 1, that
is, for z + zo > Ry/(6, + 6), the profile approaches a
Gaussian of widtlé about the axis of symmetry.

With the distribution defined by E8), the gas density at
any pointn(r, z) can be determined once the parameRgrs
2o, 6;,6,,, andN are chosen for a given nozzle and flow time.
Values for the tilt angle anR, are constrained by the nozzle
geometry. The line density depends weakly ombecause
of the time variation of mass emitted at the nozzle fac
(Sect. 2.3 and time of flight toz. The line density is deter-

mined at discrete axial locations from Ed). A linear in-
terpolation between these points resultliz) for the BFM
distributions. The two free parametezgand6, are then
chosen to provide the best overall fit to the measured density
profiles at allz values simultaneously.

Figure 16 compares interferometer-measypaints and
ballistic-model-fit (curves density profiles at three axial
eIoc:ations for the DE SOS nozzle operating at a pG0How

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

1.00 + plotted in Figure 16 is the sum of the BFM fits to each
- /\ 3/R, nozzle. Equally good fits to 40@s flow-time data were
I I —— =01
- T R 0.4
A - i
i | tx\ 0.8 Table 2. Ballistic-model parameter fits to separately measured
< ! 1.6 density distributions from the inner and outer nozzle for the
m’i 0.10 £ ! " profiles shown in Figure 16.
[ans r ’ p
r } \ z(cm) Inner Outer Notes
I : } } 2o (cm) 214 0.91 fit
r | \ | 0, (rad) 0.157 0.1806 fit
; | \ : 6, (rad) 0.087 0.087 geometric
0.01 T B R, (cm) 1.54 3.53 geometric
0 1 > N (1/cm) 0.2 1.5E+18 2.0E+18 measured
/R N (1/cm) 2 1.3E+18 1.8E+18 measured
7R, N (1/cm) 3.8 1.1E+18 1.5E+18 measured

Fig. 15. Ballistic-gas-flow model radial profiles for various value $¢R; .
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achieved using the same valuesRyf zo, 6;, andé,. This 1 [t dL

suggests that these BFM parameters are descriptors for the Ew = EL dt dt (13
nozzles, and may be used to characterize density distribu-

tions at other axial locations and for other flow times. Ew is identical toK when Eq.(11) is substituted forl.

Use of the BFM density distribution has a number of Equation(13) is the work done on the plasmain general, and
advantages over use of the piece-wise interferometryalso holds for distributed-mass distributions for which the
measured distribution to which it is fit. The model pro- current-flow radius is well defined. Note th&t, depends
vides an easy, physical means to interpolate radial densitsnost strongly on the current near the end of the implosion
distributions between axial measurement locations for finerwheredL/dt s largest.
zoned two-dimensional MHD calculations. The model pro- The simplest distributed load is a nested pair of annuli,
videsn(r, z) for a range of pressures and plasma-flow timesdefined by masses, andm, initially at R, andR, < R;.
by changing onlyN(z). In addition, it can be used as a Current initially flows in the outer annulus, achieving
design tool by varying BFM parameters to determine howvelocity V, at timet, whenm; collides with the station-
changes in the nozzle may alter load dynamics on a giveary massm, at radiusR,. For an inelastic collision, the
z-pinch driver (to optimize distributions for maximum total massm = m; + m, subsequently carries the current
K-shell yield, reduce zippering, efcand to provide real- to stagnation in accordance with E@). The velocityV
istic puff-gas loads for modeling future experiments onof the total mass at, is determined from conservation

variousz-pinch drivers. of momentum during the collisionV(t;) = m;Vy(ty)/m.
Internal energyE,, = m,V32(t;)/2 — mV?(t;)/2 due to
4. KINEMATICS OF DISTRIBUTED-MASS shock heating at collision is thus created. If this internal
IMPLOSIONS energy is not radiated away during the remainder of the

_ _ _ implosion, energy balance at stagnation requEgétimp) =
To better understand the implosion dynamics of PRS |OadK(timp) + Ejn. This nested-annuli example demonstrates
with radial mass distributions, consider first the simple slugthat the work done on the plasma always exceeds the im-
model for the implosion of a zero-thickness annulus of masslosion kinetic energy when the mass is not distributed in
m(g/cm) and initial radiusR,. The force equation takes the a single thin annulus.

form For continuously distributed gas-puff density distribu-
tions, the implosion kinematics are most simply described
m@ _ o 1fm © by radial snowplow implosions in which the pinch current
dt? 100R(t)’ flows in a thin layer at radiuR, so that
for radiusR (cm), timet (s), and pinch currenit (A). Equa- d d |2
tion (9) is doubly integrated in time until a selected stagna- m [Am(R) E] = 1o’ (14

tion radiusR; is reached at implosion tintg,,. Multiplying
Eq.(9) by the implosion velocity/(t) = dR/dtand integrat- Here,Am(R) is the mass swept up by the magnetic piston
ing provides the implosion kinetic energfyat stagnation:  between an initial discharge-breakdown radgsindR(t):

—7

2

12 dR Ro

m\42:—10’9f0 (E a)dt, (10 Am(R)=27rfR prr, (19

K (Jcm) =

whereV; = V(timp). This form can also be derived by con- wherep (g/cmd) is the radial mass-density distribution of
sidering the electrical power into the time-varying induc-the initial gas puff. In what follows, Eq(14) is doubly

tance of the imploding plasma: integrated in time untiR reache® att = t;,, usingp from
BFM distributions at selected axial locatiofidosheret al.,
L (H/cm) =2x10"°In <&> (11 1999'.
R(t) /)’ As in the slug-model example above, EG4) can be

multiplied by dR/dt and integrated over time, to yield
whereR,, is the return-current radius. The total energy flow-
ing into the load region is < +Jtimp 1<dR>2<dAm
0

5 E T)dt = Ew. (16)

tmp tmo/ 1 dL
— — Z12 2= 112
fo ! dt (Lhdt fo (2' dt)dHA(z H ) (12 The middle term can be identified as the internal energy
continuously created by shock heating in the accreting-mass
The second term on the right-hand side is the change itayer at the imploding magnetic piston. If the internal en-

magnetic energy around the imploding load, so the that thergy is not radiated away during implosion, it should con-
first term is the work done on the plasrig, (J/cm): tribute to heating of, and radiation from, the stagnated plasma.
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Radial snowplow implosions in BFM density distribu- puted to implode earlier than those nearer the cathode, even
tions were carried out at various axial positions for representhough anode-side implosions start from larger radius. This
tative shots of the DE SOS experimé8izeet al., 1999. All is due to the lower line densities and more diffuse distribu-
of the shots used 4-cm-long argon loads with the nozzletions that occur with increasirng
output plane at the cathode. The inner and outer nozzle pres- The implosion behavior shown in Figure 17 is mirrored in
sures were adjusted to achieve various radial distribution2-D MHD DELTA code simulations of nested argon shellim-
over arange of implosion times. The BFM density distribu-plosions using BFM density distributiorigVaismanet al.,
tions for each analyzed shot were determined by scaling th£999. For this application, the unstructured triangular-mesh
inner- and outer-nozzle line densities shown in Table 2 byDELTA code was run in Eulerian mode with one tempera-
the corresponding shot pressures divided by 10 psia. ture, a coronal-radiative equilibrium equation of state, and

For the implosion computations, measured current histoSpitzer resistivity at the average ionization state. Such 2-D
ries for each shot, rather than a circuit model, were emmodeling is required to self-consistently include Rayleigh—
ployed. For each axial location an initial radiusRy(z)  Taylor-instability, axial-motion, and internal-plasma-state
for current flow was chosen by assuming breakdown ageffects on the implosion dynamics, though some of these
1x 10*3 cm~2 argon density on the outside of the distribu- phenomena have been modeled with a 2-D snowplow model
tion. Increasing the breakdown density by a factor of ten(Shishlovet al., 2000Q. Figure 18 shows three snapshots in
with a corresponding decrease in initial radii, did not signif-time from the 2-D MHD computation that demonstrate a
icantly change the implosion timég,,(z). Consistency be- change in the tilt of the current path midway through the im-
tween the experiment and analyses of the modeled shots wasosion. As in the Figure 17 snowplow calculations, the
then determined by comparing the range of comptfgd current-path boundaries at early times tilt outward towards
values with the timing of the measurédshell radiation the anode, following the spreading gas-puff distribution. Later
pulse. Figure 17 shows an example of this analysis for imin time, the tilt changes direction due to higher anode-side
plosions near the cathogieozzle plangatz= 0.2 cm, at the
center of the 4-cm-long pinch, and near the anode at 3.8 cm,
along with the measuredpinch current an&-shell radia-
tion pulse. The figure demonstrates that the computed im-
plosion times are consistent with the BFM density
distribution, current pulse, ari¢-shell radiation signal. For
these computations, stagnation is assumed at a r&igs t =0
0.25 cm, a value comparable to the outside radius-shell [l"IS) -
pinhole imagesFig. 20. For all of the Double Eagle nested-
shell distributions examined, anode-side snowplows are com-

6.0
- — 4412 current
\ — — -XRD (au)
5.0 - " r(0.2 cm) t=105

current (MA), radius (cm), x-rays
w
o
IIIIIllIIIIl]l}llllIllllIllll

2.0
t=165
1.0
0.0 i By Ay iy 2 .
-50 0 50 100 150 200 250 r —m
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Fig. 18. Two-dimensional MHD computations for the conditions of shot
Fig. 17. Shot 4412 load-current and K-shell-radiation pulses along with 4428 using BFM fits to the initial density distribution. For each figure, the
computed snowplow-implosion radii at three axial locations. nozzle is at bottom.
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velocities in the more diffuse, lower-mass distributions, re-Ey, is computed ag increases from nozzle to anode. The
sulting in anode-to-nozzle zippering at stagnation. Similaroughly 5-kJcm difference betweel,y andK is due to the
current-channel dynamics has been observed in recentsinglereation of internal energy. The dotted curve in Figure 19 is
nozzle(similar to Fig. 12aneon-implosion experiments con- discussed at the end of this section. The local line meg$
ducted on the NRL Hawk driver using an Alameda Applied derives from the ballistic-model density distributions asso-
Science Corp(AASC) shearing interferometdiQi et al., ciated with the shot nozzle pressures, as described in Sec-
2002. tion 3. The axial variations dt, andm were then used to
For both the snowplow and MHD calculations, implosion estimate the argorK-shell yield per centimetedY/dz
occurs first at the anode and progresses over 20 ns to tHd/cm) from the two-level model assuming a constant
nozzle. Though observed on 4G flow time shots, this 0.25-cm stagnation radius.
prediction does not agree with the timing of axially resolved Results of the radiation calculations are shown in Fig-
PIN-diode-array measurements on 50€flow-time shots.  ure 20 for the implosions of Figure 17, where they are com-
Mechanisms associated with subtleties of gas flow not cappared with axially resolved PIN-diode-array measurements
tured by interferometry, nonuniform preionizatigSect.  for the same shot. This zipper diagnostic uses a linear array
2.4), and instability effects are being considered to resolveof 14 silicon PIN diodes that are positioned behind a per-
this discrepancy. Even so, the measured axial variation gbendicular slit to provide a time-resolved recordkeghell
K-shell yield from this diagnostic is shown below to agreeemission as a function of distance along the pi@bleman
with the analysis. etal., 1999. In general, the sum of the zipper-diode signals
agrees well with the&k-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
TheK-shell yield can be estimated from a simple two-levelwith thedY/dzprediction of Figure 20, the zipper data were
radiation-scaling moddMosheret al., 1998 requiring in-  time integrated and summed in 1-cm increments along the
put of the implosion energy at stagnation, the stagnatiominch.
radius, and the line mass. Snowplow implosions provide the Both measurementdash-dotand modelingsolid) in Fig-
stagnation energ¥(z) at various axial locations of the ure 20 show an increase in local yieldziacreases, a trend
BFM mass distributions. Alternately, the implosion kinetic generally observed during the DE SOS experiment. The dot-
energyK(z) can be calculated frorm\j2/2 at each axial
location. Results of energy computations for the shot of
Figure 17 are shown in Figure 19. About a 50% increase in

5. K-SHELL RADIATION YIELD FROM
SNOWPLOW IMPLOSIONS

5
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z (cm) Fig. 20. Calculateck-shell yield versus axial positioisolid) compared to

axially resolved PIN-diode-array measureme(alst-dash for the implo-
Fig. 19. Variation of total implosion energysolid) and kinetic energy  sions of Figure 17. A time-integraté¢tshell pinhole image for that shot
(dashedl with axial position for shot 4412. The dotted line shows the with a 0.5-cm-long bar is shown to the axial scale of the plot. The dotted
variation of energy when the mass is everywhere reduced to the value dine shows the calculated variation of radiation when the mass is every-
3.8cm. 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- O
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.(Télse
gray-scalgintensity distribution of the image confirms the 1
plotted increase in radiation away from the nozzle and the
~0.25-cmradius for X-ray emission. In the two-level calcu-
lation, dY/dzincreases witlz becausee,, does. Thus, the
observed yield increase witmay not be primarily a man- ;-?
ifestation of 2-D instability effects, but may be associated == g A
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 redui€eshell 2
radiation close to the nozzle attributed to the higher R-T in- °©m
stability levels of annular distributioi€oleman & Levine, l Ly .A.Aﬁ
1999. In support of this view, good X-ray-yield performance
for diffuse distributions from widely dispersed single noz- 160 180 200 220 240 260
zles has been demonstrated in recent 5-cm-diameter neon gas- timp (NS)
puff experiments on HawkMoosmaret al., 199%). Thus, _ . . . N .
both 1-D and 2-D mechanisms may be responsible for thé-lg' 21. Two-level K-shell yield as a funct_lon_of implosion time using
. . - ) ither the work done on the plasma or kinetic energy as the stagnation

observed yield per centimeter increase veith energy compared to the corresponding XRD-measured yields for the SOS

The 11.3-kJ integral of the two-levely/dz over z from Double Eagle test series.
Figure 20 is well matched to the 11.74KJhell yield on this
shot measured with &-shell-filtered XRD. UsingR; =
0.25 cm, similar agreement between computed and mea-
sured yields was obtained on other analyzed shots for whichnalysis and experiment would be to preseéRygd;, andd,,,
the computed implosion time agreed with that observedbut choose a constant line dendityalong the full length of
Whenzaveraged values @&, andm are used in the two- the pinch equal to the measured value at 3.8 cm. In 1-D, such
level model for these shots, the single value of calculateé change would reduce implosion-time zippering and in-
yield also agrees well with the integral undBf/dzand the  crease implosion energy near the nozzle. In addition, argon
measured yield. This agreement provides a means to estras-puff experiments and associated 2-D MHD computa-
mate the two-level yield for the full shot series using onlytions indicate an improvement in implosion quality with
z-averaged masses derived from the shot nozzle pressuresduced zippering due to reduced axial floReeneyet al.,
and the BFM distributions, andaveraged implosion ener- 1993. In practice, this change might most easily be achieved
gies scaled from the peak shot currépt(Ey (kJ/cm)) = by replacing the present gas-puff valve with one faster open-
1.912 (MA). Results of these calculations are shown in Fig-ing, so that the generator fires on timgt) plateau. An ex-
ure 21 as a function of implosion time and are compared t@ample of such a valve developed by AASC was tested at
the corresponding XRD-measured vyields for the DoubleNRL using nozzle number 2 in Table 1. The fast valve re-
Eagle test series. Calculated yields base&grare seento duced the argon gas rise time from 36 to 100us and
reproduce the experimental trends. The yield computationg/ould produce constaii conditions about 150.s after the
were repeated using the kinetic energy at stagndti@ther  gas starts to emerge from the nozzle, a reasonable timing for
thanEy. The predicted-shell yields usinK are well be- PRS experiments.
low the experimental values, suggesting that internal energy Results of the 1-D modeling with this constahmodifi-
contributes to radiation excitation at stagnation. cation are shown by the dotted curves of Figures 19 and 20.

The measurements and analyses presented here can Ibereased implosion energy results from decreasing anode-
used to assess possible improvements in X-ray performande-nozzle zippering to about 5 ns. The associated increase in
due to modified gas-puff-nozzle characteristics. ConsideredY/dz results in a calculated 48% increase in total yield
ation is limited to modifications that will not invalidate above thatwith the previously discus¢(r). The dramatic
either the BFM or implosion parameters found to fit the improvement suggested by the idealistic 1-D computation
experiment. For example, increasing the outer nozzle radiusiay not be realized because of persistent nozzle-side R-T
R, may lead to increased R-T disruption of the implosion,instability. An additional design improvement that does not
resulting in an unpredictable change in the effecRyethe  compromise modeling parameters is extending the anode to
value of which conforms with X-ray pinhole measurementsé cm from the nozzle and defining a new cathode by a
and agreement between two-level modeling and yield meatransparent wire mesh about 2 cm from the nozzle face.
surements. One modification suggested by both the 1-[Buch a modification has been found to boost cathode-side
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K-shell radiation by eliminating the single-nozzle R-T- implosion and radiation models using this data to aid in the
unstable annular distribution from the load regi@oleman  design of, and to predict performance of, gas-puff loads on
& Levine, 1999. For this modification, the BFM can be future experiments.

used for analysis witk = 2—6 cm.
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