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Characteristics and scaling of tungsten-wire-arrayz-pinch implosion dynamics at 20 MA
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We present observations for 20-MA wire-arrapinches of an extended wire ablation period of 57% +3%
of the stagnation time of the array and non-thin-shell implosion trajectories. These experiments were performed
with 20-mm-diam wire arrays used for the doulatpinch inertial confinement fusion experimerjtd. E.
Cuneoet al, Phys. Rev. Lett.88, 215004(2002] on theZ acceleratofR. B. Spielmaret al, Phys. Plasmas
5, 2105(1998]. This array has the smallest wire-wire gaps typically used at 20(R0® wm). The extended
ablation period for this array indicates that two-dimensigmnat) thin-shell implosion models that implicitly
assume wire ablation and wire-to-wire merger into a shell on a rapid time scale compared to wire acceleration
are fundamentally incorrect or incomplete for high-wire-number, magsi&mg/cn), single, tungsten wire
arrays. In contrast to earlier work where the wire array accelerated from its initial positieBG# of the
stagnation time, our results show that very late acceleration is not a universal aspect of wire array implosions.
We also varied the ablation period between 46% +2% and 71% +3% of the stagnation time, for the first time,
by scaling the array diameter between 40 itana wire-wire gap of 524um) and 12 mm(at a wire-wire gap
of 209 um), at a constant stagnation time of 100+6 ns. The deviation of the wire-array trajectory from that of
a thin shell scales inversely with the ablation rate per unit mggs{dmyyad dt]/ Myay The convergence
ratio of the effective position of the current at peak x-ray power&%6+0.6:1, much less than the10:1
typically inferred from x-ray pinhole camera measurements of the brightest emitting regions on axis, at peak
x-ray power. The trailing mass at the array edge early in the implosion appears to produce wings on the pinch
mass profile at stagnation that reduces the rate of compression of the pinch. The observation of precursor pinch
formation, trailing mass, and trailing current indicates that all the mass and current do not assemble simulta-
neously on axis. Precursor and trailing implosions appear to impact the efficiency of the conversion of current
(driver energy to x rays. An instability with the character of an=0 sausage grows rapidly on axis at
stagnation, during the rise time of pinch power. Just after peak power, amsildkink instability of the pinch
occurs which is correlated with the higher compression ratio of the pinch after peak power and the decrease of
the power pulse. Understanding these three-dimensional, discrete-wire implosion characteristics is critical in
order to efficiently scale wire arrays to higher currents and powers for fusion applications.
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I. INTRODUCTION what factors optimize wire array performance. X-ray powers
) ) of 1-1.2 PW, for example, are needed to meet the secondary
Tungsten-wire-array pinches[1-5] on theZ accelerator  ohiraum temperature requirements of the doubéach
[5] generate a 100—220-TW soft x-ray souf2e3,5—-7 when approach to high-yield ICF8,8].
imploded in 100 ns with a 20—MA current pulse. _Rapiq Simple modelg19,20 and two-dimensional2D) radia-
progress has been made evaluating this source for high-yieig,, magnetohydrodynamil21,22 simulations predict that
indirect-drive inertial confinement fusioiCF) [6-16], for  he radiated pinch energy should scale quadratically with the
radiation science[17], laboratory astrophysic$18], and  cyrent delivered to the wire array<|?). Recent work has
other high-energy density applicatiofid]. Some key issues  gemonstrated subquadratic scaling of the radial soft x-ray
for progress relevant to fusion ignition withpinches are to  j\var (11242018 for the massive(>2.5 mg/cm 20-mm-
determine how the performance scales with drive currentéiam single tungsten arrays currently used to drive the
[20], the proper way to scale the wire array parameters, angl, hjez pinch [20]. This slow scaling implies that currents

considerably in excess of 60 MA would be necessary to
achieve the hohlraum temperatures required for capsule ig-
*Electronic address: mecuneo@sandia.gov nition, if single tungsten wire arrays were scaled to higher
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currents keeping a constant 95 ns implosion time. Scaling tachievable hohlraum radiation temperatuf@g3« (P/A;)]
higher powers requires further optimization of wire array[6,9] for ICF and radiation physics experiments that employ
performance, an identification of the many factors that affecthe radiation of a pinch after stagnation on axis. These arrays
performance, and a more fundamental understanding of themploy 300 11.4«m-diam tungsten wires giving a wire-to-
wire-array initiation, ablation, implosion, stagnation, andwire gap of 209um, the smallest gapgypically) used onz
thermalization dynamics at higher currents. Array dynamicsn any configuration. The total ma$5.9 mg/cm implodes
will also affect methods for radiation pulse shaping for ICF,in 95 ns with 19 MA drive currents, yielding peak radiation
and may affect both secondary hohlraum coupling efficiencypowers of 125 TW6,20]. Secondary hohlraum temperatures
[6,9] and ICF capsule drive symmetry at the2% level for  of 70-90 eV are obtained in configurations driving capsules
the double-pinch ICF approa¢h0-13. with this source[6,9-13. Rapid progress has been made on
Implosions of high-wire number arrays at high currentshohlraum energeticgs,9], secondary coupling6,9,17, and
(7-20 MA) have been approximated as a 2D cylindricalradiation symmetry and capsule implosi¢@8,11,13. Com-
plasma shelle.g., see Refd1,3,5,6,8,21-2B. These mod- pressed capsule densities of 40 gfdrave been achieved at
els implicitly assume that the wires ablate and merge on @onvergence ratios of 14—2@1] with this concept.
time scale much less than the array’s stagnation time on axis The dynamic-hohlraum ICF source achieves 150-200 eV
(tablate< Tstag- Under these conditions, the power pulse riseeffective drive temperatures for ICF by locating the capsules
time is thought to be controlled by the magneto-Rayleigh-internal to a nested wire array. The collapsing array material
Taylor (MRT) instability in ther-z plane, growing from an acts as a moving hohlraum wéill4,15. Dynamic hohlraums
initial random density perturbatioRDP) of undetermined have recently produced imploded capsytes] with conver-
and unspecified origin. Wire-array experiments on thegence ratios of about 6. Dynamic hohlraums are also used for
~1-MA Magpie [25-33 and the ~3-MA, Angara-5-1 driving radiation experiments with the 220 eV internal tem-
[34-4Q accelerators have, however, revealed a long wirgoeratures, out the end of the pinch, just prior to array stag-
ablation periodtayae~ 0.87519 and therefore a delay in ac- nation on axig48]. Dynamic hohlraum arrays employ 10- to
celeration compared to a simple 1D thin-shell implosion14-mm-long nested wire array8] imploding onto foam tar-
model[28,32,34. A critical question has been whether thesegets(with embedded capsules for ICF experimentie 40-
discrete-wire effects apply to high-wire-number, small wire-mm-diam outer array consists of 240 7u#-diam tungsten
to-wire gap arrays at 20 MA. wires giving a wire-wire gap of 52ﬁcm and an array mass
The present experimentd1—44 confirm observations of ©f 2 mg/cm. The 20-mm-diam inner array consists of 120
a delay in array acceleration at 20 MA, even at the smalles{-4-#Mm-diam tungsten wires, with identical wire-to-wire

wire-to-wire gaps typically use(®09 um). Observations and X .
modeling show that both precursf#6,27,45-47 and trail- Although rapid progress has been made on both of these
concepts with incomplete understanding of the wire array

Ing |mplo_s_|ons[32,33,36_ are pre_sent and t.ha? only a portion behavior, further progress will require improved understand-
of the initial mass participates in the main implosion at 20. g of wire array dynamics

! : . n
MA, as in experiments at low currents. Since the rate of The organization of this paper is as follows. Section II

production of x rays from a pinch depends strongly on thé, , iges a summary of the experimental setup and diagnos-
amount of mass and current that simultaneously assembl

i - h - s. We also present the measured implosion characteristics
on axis, the result is that the conversion of curr@re.,  for poth 20-mm- and 40-mm-diam single tungsten wire ar-
driver energy to x rays is less efficient than predicted by rays. We have the most complete data set for the 20-mm
simple 1D model$19,20. This deviation from a 1D model array used for the doublepinch[6,10]. Most of the conclu-
must be understood in order to efficiently scale to highersions and analysis in this paper directly apply to the 20-mm
currents and powers needed for high-yield fusion applicasingle arrays. We also present results from a 2.2-mg/cm,
tions. The work in this paper will aid in this understanding. 40-mm-diam array, described previous|®,5], and with
This paper is a comprehensive report of part of our effortsabout the same mass per unit length of the outer array of a
to understand wire-arragpinch physics on th& accelerator dynamic hohlraum. Both of these arrays show significant de-
at 20 MA. Data were compiled from various experimentsviations from a 1D thin-shell trajectory model with a wire
with the extensiveZ diagnostic sef49], over a period of ablation periodr,pjae~ (0.44-0.597,4 implying the exis-
about three years. A recent paper by Stygfaal.[20] reports  tence of discrete, slowly ablating, wire cores. Results from a
on a number of further and significant advances in the studg2-mm-diam wire array with an ablation time e
of power scaling and shot-to-shot performance variation of~(0.68-0.747,4are also described. This array produces the
wire arrays for double-pinch ICF. Other publications will |argest deviation from a thin-shell model for any arrayzn
describe advances made by Sinetrsl.[50,51] for the study  and approaches, for the first time, the very late accelerations
of wire arrays with bent-crystal-imaging x-ray backlighting. observed on Magpie and Angara-5-1. Most of the data from
We have characterized the implosion dynamics for two of thgadiation emission, pinch power, electrical, and laser diag-
wire arrays most frequently employed for ICF experimentsinostics are described in Sec. Il, for the purpose of demon-
the doublez-pinch approach and the dynamic-hohlraumstrating discrete-wire behavior. Section Il also provides
approach. comparisons of the data to a thin-shell implosion model.
The doublez-pinch or double-ended hohlraum ICF con- Some comparisons to more sophisticated 2D-radiation-
cept uses 10-mm-long, 20-mm-diam single tungsten wire armagnetohydrodynamic€D-RMHD) simulations are made
rays to maximize the ratio of the radiated pow®» to the in Sec. Il to aid in the interpretation of some of the
hohlraum wall aredAy,) [6—10]. This results in the highest diagnostics.
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The remainder of the paper compares this data with a ROS
variety of models. Section Il compares the ablation period \
data to two different 2D-magnetohydrodynam{@®-MHD) o TGS. FSDA

simulations of wire array ablation in the# plane. Section

IV compares the ablation, trajectory, and precursor data, and . . . -
ower increase during run-in, with the phenomenological F.|G' 2. Ex_perlmental wire array geometry _and diagnostic Imc_as

p ket ablati I d, | of Lebedeval. [32] and of sight. (@) Wire array hardware in cross section shows the radial

rocket ablation-snowplow model of Lebedeval. [ 2] an and axial diagnostic views with x-ray diodé¢XRD), bolometers

with results from a 1D-MHD simulation. Section IV includes

. . . (BOLO), time-resolved x-ray pinhole camer@sRPHC), transmis-
trajectory scaling of wire arrays ahand from lower current sion grating spectromete(¥GS), and time-integrated crystal spec-

accelerators as a function of ablation rate per unit mass using, meters(TIXTL ). The critical dimensions are givein mm) for
a rocket model argument. Additional data are introduced irhoth 20-mm and 40-mm arrays; the 20-mm number is first. 12-mm
Sec. V for a discussion of stagnation physics including theyrrays are fielded in the 20-mm hardware. Also noted is the anode-
current compression velocities and pinch stability. Section Vicathode(AK) power feed gap at the base of the pinéh). A cut-
summarizes and provides a future outlook. away view from the top showing the chordal lines of sight for the
Equivalent circuit models for th& accelerator are dis- radial optical streaKROS), the streaked CW laser, the TGS and
cussed in Appendix A. A glossary of symbol definitions is filtered silicon diode arrayFSDA) viewing the wires early in the
given in Appendix B. pulse, and the position of the Be and Au markers for
axial-self-backlighting.

Il. IMPLOSION CHARACTERISTICS FOR 12-mm-, Load currents are measured 6 cm from the array in the final
20-mm-, AND 40-mm-diam TUNGSTEN ARRAYS MITL feed [55]. The voltage and current probes and circuit
model are used to determine the wire array inductance during

the implosion[57].

The electromagnetic power pulse produced by Zhac- The wire-array geometry and diagnostic plan is shown in
celerator[5] is delivered to a four-level vacuum insulator Fig. 2. The wire-array implosions are observed via radial,
stack and four magnetically insulated transmission lineshordally integrating, and axially integrating lines of sight
(MITL's) (Fig. 1) [52-55. As shown in the inset, a vacuum with a variety of instruments. Th& accelerator diagnostic
post-hole convolut¢5,52,56 connects the four MITL's in  suite is reviewed in Ref49]. The wire array is shown at its
parallel to a short inner MITL that delivers power to the initial position (1) in Figs. 2a) and 2b). As the implosion
wire-arrayz pinch. This system can be represented as the twproceeds, a rapidly moving radiation emission fréa is
lumped-element circuit mode[$3,54] shown in Appendix observed on radial, chordal, and axial lines of sight. The axis
A, neglecting transit time effects. Voltages are measured aif the wire array(3) (where the main implosion and any
the insulator stack55]. Total currents are measured 80 cm precursor implosions stagnates viewed with both radial
from the wire array, prior to the post-hole convoll&5].  and axial lines of sight.

A. Experimental configuration
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FIG. 3. Wire array load current and radiated powererage of
four shots: 566, 567, 665, 6§7rom a typical 20-mm, 6-mg load,
showing the definition of the stagnation time and the implosion
phases:(l) is the wire initiation phase(ll) is the wire ablation
phase,(lll) the implosion or acceleration phase, afid) is the
stagnation and thermalization phase. FIG. 4. (a—(e). Axial x-ray pinhole framing camera images at
various normalized time&t/ 74,d during the implosion of the 20-

The radial views are at a 12.5° polar angle through gnm-diam, 6-mg/cm wire array from shot 747. The position of the
cylindrical return-current electrode with nine slots, located™t @nd Be markers are shown on péaj. The 18 Be spokes are
coaxially with the wire array. Slot widths were 5.6 to 7.5 mm 2PParent in(b)~e). The precursor pinch is observed on axis in
for the 20-mm array and 10 mm for the 40-mm array. Radial(a)—(d). Cold-ablated tungsten fills the center of the arrajajr(c),
diagnostics are x-ray diode&RD's) [58] and bolométers obscuring the contrast between the Au and Be markers. The implod-

; . . - ing shell implodes onto the cold-ablated tungsten at smaller radii in
(BOLO s) [59] for p'|nch power and energy. Fllter_ed silicon (b)—~(d). The imploding shell has nearly merged with the precursor
diode arrays(FSDAs) [60] and transmlsglon grating spec- (d). Trailing mass obscures the Au and Be markerg)jrand(d).
trometers(TGS's) [61,63 measure the wire array tempera- The broad radial pinch profile at stagnation is showiiein
ture at its initial position along a chordal line of sight, up

through about 30 ns prior to stagnation. These four instru: . )
ments are combined to determine the radiated pinch pow the pinch soft x-ray power from an average of four shots for

. ) . V&he 20-mm array. We align the multiple x-ray power pulse

g?;é(htz aebc?ruat 2? srlz ;?]r;?iroao ;?: Is]'ggguf;gcv?ttr'lor_:_ gg'sax;ic rves at the time of peak power. Averaging the powers from

time-intep rated cr sta?l spectrometdfXTL's ) [49] on ra- ach curve as a function of time produces the average power
9 y P pulse shape. The stagnation tifi&b] is defined as the time

dial lines of sight. A time- and space-resolved x-ray pinhole; : ;
) o . interval between the linearly extrapolated leading edges
framing camerdXRPHQ) on a radial line of sight measures .the dotted linep of the load current and pinch power. The

the structure and extent of the x-ray emission region on axig : : _ .

; . . tagnation timerg,~94.7£0.8 ns for the 20-mm data in
[63,20. Optical streaks of the brightest and most rapldIyFigg 4 and 6 lgg‘{l ns for the 40-mm data in Fig. 7, and
moving radiation emission front are taken along chords usinq00 4 ns for th’e 12_an data in Fig. 5. The time axis for ,most

a fiber-optic imaging array coupled to a streak canjérg. P : : i
Time- and space-resolved shadowgraphy is obtained with %;::)?1 ?ﬁzspresented In this paper is normalized to the stag

streakeo! cw Iase(similar to the setup in Reﬁf”].) in a These data show four main phases of the implosion pro-
5-mm-wide chordal view at the array edge. This mstrumentCess as observed in previous experiméag. In Fig. 3 and

Itiserr;jlit:;/t?o;o ij(fgr%ri]sz?onns?r/o?:dt::r;ﬁwltylgsfsﬂser}f' \;Ai‘é(\'/\?gé/wbsequent figures, Roman numerals are used to denote the
P four different phases. Phagb is a ~50-ns wire initiation

through a 17.4-mm-diam Be spoke arri@yg., see Ref.6]) : 30 ;
for the 20-mm arrays and through a 15-mm opening in thé)halse d_urlng t_he curr_ent prepu_( 40 A/ns/vylre. Based
on previous single-wire experiment§7—74, this prepulse

top electrodelno spokes for the 40-mm array. Axial diag- . ) T i .
nostics[65] include time-resolved XRPHC's, XRD’s and bo- IS believed fo set up the |n|t|_al state of the wires, prior to
the more rapid wire ablation rate accompanying the

lometers for power and energy, and TIXTL. higher dl/dt of the main accelerating current pulse
(700-1000 A/ns/wire Phase(ll) is the wire ablation and

precursor injection phase during the main current pulse.
Figure 3 shows a typical load current measurement an&hasell) is defined to startas a convenient reference pgint

imploding shell
trailing mass

B. Implosion phases
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TABLE |. Array configurations.

Array diameter Height AK gap Mass Wire Wire-wire ~ Wire diameter

(mm) (mm) (mm)  (mg/cm)  number  gap(um) (um) Tstag (NS
40 20 5 2.0-2.2 240 524 7.4-1.7 106.6+1.8
20 10 1,234 59-60 300 209 11.4-115 95.5+1.1
12 10 3 14.9 180 209 234 100.4

at the linearly extrapolated leading edge of the current pulséFOV) in the top electrode. The spatial resolution was about
(att/ 75,¢=0.0). Phaselll) is the wire array acceleration or 200 um. The XRPHC gives the axially integrated, radial
implosion phase occurring onto the precursor material inspatial profile of the x-ray power. Camera gate widths were 2
jected in phaséll). Phaselll) starts when the array begins or 4 ns. These images were obtained through a structure in
to move from its initial radius and will be determined below the top electrode consisting of 18 radial Be spokese
based on emission diagnostics and electrical data. Rhase SPoke and 16.7 wires every 20Similar to those used in

is the wire-array stagnation and thermalization phase. Agairfiouble-pinch ICF work6]. Each of the spoke&00 um by

as a convenient reference point, phésg is defined to start 290 4m in cross sectionends 1.5 mm from the axis. These
at the linearly extrapolated leading edge of the pinch powefPOKes act as a transparent electrode, conducting current to
(at t=749. During phaseIV), the kinetic energy of the in- allow the pinch to implode to the axis, preventing axial ac-
coming array and the magnetic energy stored near the axis 8§Ierat|on of the pinch plasma, and allowing a view of the

. . - .~ Imploding pinch through low-opacity materidl6]. The
the plnc_h SVSteT" are conve_rted into radiation _and the p'ncépokes cause no measurable change in the wire array stagna-
power rises rapidly to peak in 3-6 ns, after which the radiag;q, ime 1o the axis or to the pinch power pulse shape and

amplitude compared to shots with a solid top electrfgle
” " , ) ®Phe individual spokes are most clearly visible in Fige)at
(I1) and (I11). Initial conditions and materlal properties cho- peak powel(1.05r;,) when increasing radiation has burned
sen for the_ 2D-MHD models aII0\_/v _||_1fe_rence of some ProP-through the ablated Be spoke material.
erties of wires at the end of the initiation phagg Under- We observe a 1.5-3-mm full width at half maximum
standing the behavior during these three phases th@wHM) hot region on axis at-0.50r,,which is defined to
comprise the first 97% of the wire array’s history is an es-pe a plasma precursé26,27,35,45—4 The precursor per-
sential prerequisite because these set up the “initial” condisjsts in all frames. We have not looked earlier in time than
tions for the thermalization processes near the axis. 0.57¢tag Thus, material may have arrived earlier. Similar
Presently, however, few direct measurements have beeaxial pinhole camera data for the 40-mm arfapt shown
made that can experimentally verify the various physicalindicate a precursor on axis at0.367,4[ 78]. Again we did
processes and conditions proposed for the rapid (@sel  not look earlier than this time. We observe an imploding
fall) of the radiation pulse during phase/), e.g., the dis- shell-like object in the axial view with the XRPH(Figs.
crete wire ablation process at the array ef@®27,33 and  4(b), 4(c), and 4d) for the 20-mm array Figure 4b) is the
the MRT instability[21-23, both of which can spread the first frame for which the 2-3-mm-wide imploding shell has
imploding shell, coupling and conversion of ion kinetic and moved completely within the 17.4-mm FOV. .
magnetic field energy at stagnatif#®,23,75,76 subsequent  The data in Fig. 4 also represent an axial, self-
electron heating and radiation raf&], and termination of backlighting experiment, utilizing reemission of the elec-

the pulse by MHD instabilities of the compressed pinch ontrode at the bottom of the wire array. The pinch implodes on
axisFEBS]. y P P the surface of a 20-mm-diam electrode coated withutr®of

: . - - ; Id[Figs. 4b) and 4a)]. A 50-um thick, rectangular beryl-
The wire-array configurations used in these experlmentf0 .
are summarized in Table I. Hence forth we refer to the array Jum marker [5 mmx 16 mm, Figs. &) and 43)] was

by their diameter. Various arrav implosion traiectory data ar laced over this Au surface. One-dimensional radiation burn-
y L y imp J y data hrough calculations with a 2D-RMHD codé&9] indicate
presented in Figs. 4 and 6 for the 20-mm array and in Fig.

for the 40 Fi 5 lerati he Au and Be would not burn through until 184, after
or the =t-mm array. Figure > compares array acceleratiog power. The higher albedo of the Au compared to the Be
times obtained from electrical data for 40-mm-, 20-mm-, an

12-mm-diam arrays. In Fig. 4, we present evidence for th ould provide a factor of 1.7—2.9 emission flux contrast dur-

formation of a precursor pinch on the axis of the array ob(—?ng the period(0.50-1.027qg aS measur'ed in the axial pin-
. . . . . hole camera. The contrast between this Be marker and the
tained with an axial x-ray pinhole-framing camera and for

cold-ablated tungsten plasma filling the center of the array Au-coated electrode at the bottom of the array could, in prin-
"cipal, be observed between the Be spokes in Fig). 4.ack

of observed contrasfor emission of any kindin experi-

ments with both 9(not shown and 18 spokegas showh

Figures 4a-4(e) show axial XRPHC images indicates that the center of the array is filled with a cold,

(~250 eV at five times on the normalized time scale, for the high-opacity material.

20-mm-diam array. These data were obtained looking axially Previous experiments have shown precursor formation on

down along the pinch with a 17.4-mm-diam field of view the axis of wire array implosion®6,32,35,45—-4) Related

C. Phase IlI: Precursor pinch formation
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modeling shows that a precursor can arise ftb¥B accel- ] [/} H
erated wire coronal material collecting on axis, inertially 25 IL
confined by impinging plasma streams from each wire 0.44-0.47
[27,29,3Q. In these simulations, the wires form a heteroge- 20

neous, core-corona structure. High core resistivity and high 15

corona conductivity shunts current into the corona, leading to ~T

a slow core ablation rate and long-lived wire cores, and a 1.0k

delayed motion. Simulations of the ablation phés$gin 2D "\L .
(Sec. 1l)) show that a 10-30-e\4-0.1-10-mg/cr tungsten o5l v W v
plasma is ablated and accelerated into the center of the array. W S
This tungsten has sufficient opacity, and the electrode re- 0.0 Z. A WP

emission temperature is such that it will not burn through on
a 100-ns time scale, consistent with the axial-self-
backlighting observations.

The presence of a hot x-ray emitting region on the axis is
not, strictly speaking, sufficient to distinguish between mod-
els of wire array implosions. Two-dimensional RMHD simu-
lations of imploding shellge.qg., those done for calculations
presented in Fig. @), discussed in Sec. Il G2show that
the magnetic piston launches a rapidly moving, low-density
material off the inner surface of the sh&i-10"° g/cn?),
which reaches the axis quite early. However, a hot emitting
region on the axis, coupled with a low-opacity region be-
tween the axis and the edge of the arrapd a delayed
acceleration of the edge of the arréyoth the emissive re-
gions and the current, described neist sufficient to estab-
lish that this hot region on the axis arises from the ablation of
stationary wire cores and is a plasma precursor as observed
in lower-current experiments. It also implies a distribution of
ablated wire material between the precursor and wire array.
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D. Phase II: Array acceleration times

The clearest demonstration of a delay in wire array accel- . o
Y y FIG. 5. Comparisons of convolute voltagég,(t) (solid lineg

eration, and thus a long wire ablation ph&8¢, is provided e o TS .
by the electrical data. The time-dependent convolute voltagéwth initial voltagesVy(t) (dotted lineg indicating the times of array

) . . dcceleration wheN,,,> V, for (a) 40-mm-(shot 846, (b) 20-mm-
Veomdt) is derived from the measured insulator stack voltage conv=> Vo for (@) ( 6 ()

. ; Lo %shot 818, and(c) 12-mm-diam(shot 93] wire arrays. The pinch
and MITL currents using an equivalent circuit model for the power pulseshapeslashed linesare shown for reference. The ac-

four-level Z transmission lines, described in Appendix A cejeration time is later in the pulse for heavier, smaller diameter
[Fig. 24&]. The convolute voltage reflects the time- grrays.

dependent impedance of the transmission line ferd to
about 6 cm from the logdand the wire array. In one method i d
of determining the convolute voltage, we average the voltage Vo) = (Lieg+ OL)——— + —[ L, (D)1 ,(D)]. (1)
from each level of the four-level transmission line &nde- dt dt
riving the results in Fig. 5. In a related methf8l7], used
below in Sec. Il E to derive inductances in Figs. 6 and 7, wen this expressionl¢eq iS the constant initial transmission
assume that the currents from each transmission line levdéihe inductance downstream of the convolute in the final
are equal at the convolute. The two methods give very simiMITL feed gap(without the array, |, is the measured load
lar results forVey(t). The circuit model inductances, volt- current, andL,(t) is the time-dependent array inductance.
ages, and current probes were calibrated for consistency wiffihe inductancedL is a small correction to account for cur-
a static short-circuit loadi57]. Convolute voltages directly rent convection inside the initial array radius via the ablated
measured by an inductive-wire probe agree with those calciplasma precursor observed in 2D-MHD simulations
lated from the stack voltage, MITL currents, and circuit[35,80—82 prior to array motion. Current convection is esti-
model, to within 10%, giving confidence in our methods. mated to increase the inductance of the wire array by
If we neglect resistive effects that occ@presumably  0.17 nH/cm assuming that 57% of the array current is con-
early in the pulse and assume that the array voltage resultg&cted into the interior of the array as in a static analytic
from a purely inductive load, we can write the post-holeMHD model [35,87 for wire array equilibria and is uni-
convolute voltage as follows: formly distributed over the entire diameter. Two-dimensional
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FIG. 6. (Color) Data from a 20-mm-diam, 6-mg/cm array show-
ing (&) array trajectories versus normalized tirfiérg,g from four
methods. Trajectories are from a radial optical strEaRS, blue
circles, typical of four shot§665, 674, 684, 747 shot 674 showh
the edge of the x-ray pinhole framing camera radial prdf{&-
PHC edge, green circles, from shots 728, J74nd the peak of the
moving shell from the radial profiléXRPHC peak, red circles,
from shots 728, 747and from the inductance unfoldsrange line,
average of three shots: 724, 817, 81®&mpared with a thin-shell
model(black line. Trajectory data show the delayed start of accel-
eration with respect to a thin shéblack line but earlier arrival at
the axis(red circles than a thin shell and the currefrange ling,
indicating trailing mass and currertb) Radial pinch power from
two different measurements: x-ray diodéRyrp, the blue line is

average of shots 566, 567, 665, 674, the black line is corrected for

slot collimation), and silicon diode(Pgp, light blue, average of
shots 198, 199 The pinch power is on a log scalleft axis) and a
linear scale(in red, right axig. (c) Precursor radiugblack circles,
from shots 728, 747and XRPHC peakred circles from shots
728, 747.
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FIG. 7. (Color Data from a 40-mm-diam, 2.2-mg/cm array
showing(a) array trajectories versus normalized tifftér,g from
the same four techniques as in Fig. 6. The radial optical streak
(ROS is a composite obtained on shots 685 and 846. Inductance
unfolds are from shot 846. As for the 20-mm array, trajectory data
show delayed acceleration with respect to a thin stiBtick line
but earlier arrival at the axis than a thin she#id and green circles
and the currenforange ling, indicating trailing mass and current.
(b) Streak shadowgraphiand fitted trajectory in light bluefrom a
532-nm laser transmission through the edge of the array on shot
846, showing the individual wires early, transmission cutoff, and
the gradual clearing of the lower density trailing plasma at the edge
later. Where unmarked, curves are the same as in Fig. 6.

precursor mass reaches the axis of the array. This is only
5%—-10% of the inductance inside the convolute. Prior to the
precursor mass and current reaching the axis, the correction
is much smaller than this. This inductance correction there-
fore results in a voltage much smaller than the typical
+15%—+20% error iVegnt).

Prior to array motion, the array inductance is fixed and
dL,/dt=0. SettingdL,/dt=0 in Eq.(1), the initial convolute
voltage is given by

dl,(t)
dt ’

Vo(t) = [Leeat oL + L4(to)] (2

where L,(ty) is the constant initial inductance of the wire

array load. BotH_;..qandL,(ty) are determined by the initial
geometry of the transmission line and array hardware. The

MHD simulations discussed in Sec. Ill show that 30%—-40%load currentl ((t) is measured. The initial convolute voltage
of the array current is convected into the interior of the arrayVy(t) can therefore be calculated as described by(BqThe

resulting in a smaller correction. This correction is a maxi-

time-dependent convolute voltage with changing array in-

mum of 0.2—0.3 nH for these arrays in steady state, once théuctanceV,,(t), described by Eq(l), is determined from
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independent measurements at the accelerator insulator stack, The scaling of trajectories oa for the 40-mm, 20-mm,
as noted. These two voltagds,,, and V, diverge when and 12-mm arrays gives confidence that wire array accelera-
dLy(t)/dt#0. tion times can be scaled because all the data were taken on
Figure 5 compares the convolute voltagég(t) with  the same accelerator, with the same methods. The ablation
the initial measurementy(t) for 40-mm-, 20-mm-, and 12- rate per unit mass and its relationship to scaling of the accel-
mm-diameter arrays. The soft x-ray pulse shapes are showgration time are discussed further in Sec. IV D.
for reference. Early in the pulse prior to array motidf,,,,
(solid lineg agrees withV,, (dotted line$ over a long plateau
in the initial load impedance. The time whelh,(t)/dt#0
and Veondt) >Vy(t) is clearly evident in Fig. 5. There is
sometimes a clearly discernable resistive phgsee Fig. Once the wire cores ablate and burn through, possibly at
5(a)] whereV () >V, early in the pulse. We chose times axially nonuniform locations[25,26,28,32,33,35-40 the
that are clear inflection points in both the convolute voltagemplosion starts, beginning phase lil. Four different methods
and initial voltage to give an error range in determiningare used to determine the array implosion trajectory. Three
when the array inductance changes. are based on spatially resolved optical or x-ray emission, and
Acceleration begins at,=(0.44—0.4T7g,qfor the 40-mm ~ one _is based on electrical dgta. Array implosion trajectories
array in Fig. %a), at 7,=(0.56-0.597¢,4for the 20-mm array obtained from the four techniques are plotted on the normal-
in Fig. 5(b), and atr,=(0.68-0.747,qfor the 12-mm array  iz€d time scale in Figs.(8) and 7a). _
in Fig. 5(c). These times define the end of the wire ablation ©One-dimensional axially and chordally averaged, radially
phase(ll) and the start of the implosion phag# ). The long ~ resolved optical400-nm streak(1D-ROS view the implo-
plateau withdL,/dt=0 clearly shows that high-wire-number sion from the side, through slo_ts in the current re_turn e.lec-
arrays onZ have a long wire array ablation phase during{rode(see Fig. 2 We plot the trajectory of the peak intensity
which the wires are stationary at their initial positions. Thin- ©f this visible emission as blue circles in Figgaand 7a).
shell trajectories would show a resolvable acceleration in th¥V€ also plot the trajectory of the peak and edge of the im-
period(0.3-0.4 7,4 The 40-mm array accelerates closest toPloding shell-like object observed in the axial XRPH#S in

the thin-shell model. What is remarkable about these result§!9S- 4b), 4(c), and 4d) for the 20-mm array, composite of

is that the time of acceleration is later in the pulse for the™© Shots. The outer edge of the moving x-ray shell is plot-

smaller-diameter, heavier arrays. ted as green circles, while the peak intensity is plotted as red
The change in acceleration times is likely related to masg'rCI,es[bOth shown in Flgs. @) and 73] .

ablation rates. We increased the wire array mass as the arr Tlme-de_pendent load mdqctances are derived by a method

diameter decreased to keep the implosion time constaifescribed in Reff57]. Equations(1) and (2) are subtracted

(Table . The wire ablation rate does not appear to increas@nd integrated to derivé,(t) directly. Again, the circuit
as rapidly as the mass is increased. Thus the ablation rate p@del inductances, voltages, and current probes were cali-
unit mass is actually smaller for smaller-diameter arrays an§"ated for consistency with a static short-circuit load. The
the time of acceleration later. The peak voltage and rate of*€asured plateau of constant initial inductafesl ,(to)] is
rise of voltage decrease as the radius of the array decreas@yeraged over 20—-40 ns, and the time of acceleration is given
indicating a slower implosion. by the deviation from this initial plateau. The acceleration

These represent the first results showing scaling of thémes are within 2-3 ns of those from the method of the
wire array acceleration time. A key feature of earlier obserPrévious section. _ _ _
vations of wire array trajectories was a delayed acceleration The mean or effective radius of the current sheath radial
of the edge of the array compared to a thin-shell modelprofile is calculated from the inductance. Inductance.errors
corresponding to a long wire ablation phase. Arrays on th@f £10% lead to absolute errors of from +15 to £20% in the
Magpie [25] and Angara-5-134] accelerators, at 1-3 MA, radius because the conversion from inductance to I’adIUS.In-
begin movement at-(0.76-8237,, However, for both the volves an exponential relationship. The array current radius
20-mm and 40-mm arrays o the beginning of accelera- Reul) =R/eXHAL,(1)/(2€)], whereR is the initial array ra-
tion deviates less strongly from the thin-shell trajectory, be-dius, AL,(t) is the calculated change in inductance from the
ginning acceleration at0.44-0.59r,, This difference im-  initial plateau in nHAL,(t)=La(t) - La(t)], and€ is the ar-
plies that the ablation rate per unit mass of fhaire arrays ~ 'ay length in cm. The error in the current radius shown on
is larger than on Magpie and Angara-5-1, the wires ablat&igs. 6a) and &) is the error based on the shot-to-shot
faster and burnthrough earlier in the pulse, and the implosioMariation in the average dR.,(t) for three identical shots.
begins earlier. The shorter pulse length of the current drivd he shot-to-shot variation in the averaBg,(t) is smaller
onZ (88 ns to peakmay be an important factor in increasing than the absolute errors R, (t) from the errors in the elec-
the ablation rate o in comparison with Magpi€250 ns to  trical data.
peak. The heavy, small-diameter, 12-mm array approaches Linear extrapolation of the 1D radial optical streak trajec-
the very late beginning of acceleration observed with wiretory to the initial array radius is used to define the end of the
arrays on Magpie and Angara-5-1. The small-diameter arrayire-array ablation phasél) and the beginning of the im-
onZ behaves similar to the heavy, smaller-diameter arf@ys plosion phasélil). (ROS data are not available between 9.5
mm) studied on Angara 5-1 that also show a delayed imploand 10 mm for the 20-mm arrayA 1D thin-shell model
sion, even with a short current dri &0 ns to peak [black lines Figs. @) and 7a)] assumes that the mass is

E. Phases Il and IIl: Array acceleration times and implosion
trajectories
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TABLE II. Acceleration times from electrical and ROS data.  cores burn through at some axial locations. Once the wire
cores burn through completely, the current does not follow

Array ta/ Tstag ta/ Tstag the perturbed core surface but penetrates into the array inte-
diameter (electrica) (electrica) tal Tstag rior [32], and the ROS shows the start of the implosion. A
(mm) Sec. IID Sec. IIE (ROS different starting time for acceleration and different implo-
40 0.44—0 47 0.47+0.02 0.57 sio_n vel_ocities are evidence for 3D eff(_ects on wire array
i trajectories, discussed more completely in Sec. Il G.
(six shot3 Wire ablation times are compared with the predictions of
20 0.56-0.59 0.55+0.03 0.66 2D MHD simulations in Sec. Il and with phenomenological
(six shotg models in Sec. IV.
12 0.68-0.74 0.74 NA
(one shot F. Phase II-IV: Pinch power and precursor expansion data

The pinch power ramps up from0.05 to 5 TW during
concentrated in a shell at the initial radius and accelerateBnases Il and Il as the pinch implodgig. 6(b)]. Radiated
from the beginning of the current pulse. The beginning ofPowers of>1-3 TW are observed while the array radius
load inductance increas@ecreasing mean current radius '(t)~(0.8-0.5R, well away from the axis. Radiated power
agrees to within 10 ns with the extrapolation of the 1D-ROS that ramps up during the implosion phase, well before final
The outer edge of the 20-mm arrdfig. 6(a)] begins to  Stagnation, was observed on Magpie and was proposed as a
move at(0.55+0.037,4[from L,(t), average of six identical possmle signature of' mteracﬂqn with and snowplow accre-
shotd to 0.66ry,, (extrapolated optical emission location tion of preablated wire materidll9,32,33,83,8% We de-
from 1D-ROS, typical of four shotsand deviates from the §cr|be _two methods to determine the pinch power during the
thin-shell model by~15-20 ns at the initial radius of 10 Implosion phase, at powers 65% of peak. _

mm. With the 40-mm array, the ROS trajectory data are a _1ne pinch soft x-ray pulse shape is measured with an
composite obtained on two shots and are available out to th&RD- The pinch power is determined by normalizing these
20-mm initial array radius. The implosion phase begins afulse shapes to the pinch energy measured with a fast bo-
(0.47+0.02 74,4 [from L,(t), average of six identical shdts Iom_eter. This method is in agreement with absolute unfolds
to 0.57rq (eMissive, 1 shotfor the 40-mm array[Fig. of filtered XRD data to within £20% in _flux at pgak power
7(a)]. The beginning of the load inductance increase agreekd:48l- An average of four 20-mm shots is shown in Figh)6

to within 7 ns with the 1D-ROS. P(t)xrp, blue ling. The pinch power measurement is done

Hence both the 20-mm and 40-mm arrays have an exthrough a 7.5-mm—wide sIoF i.n the electrode. P_rior to
tended ablation period,yjae~ (0.44-0.667,, confirmed by ~0.957,4 regions of .the radiating mass are at a diameter
both emissive and current diagnostics. The earlier accelerd2r9€r than the slot width. The power is therefore corrected
tion time for the 40-mm compared to the 20-mm array wador colhma_tlon of _the diagnostic viewing sl¢#8] assuming
also confirmed by both diagnostics. No optical streak dat& Lambertian emittetP(t)xrocorr=[Rpistort)/3-75IP(t)xro
were obtained with the 12-mm array because the VisibkplackIlne.Tms_correctlon usesaradlt_Js from a rocket model
emission from the delayed trajectory merged with that from.32] trajectory fit, Ryisior(t), shown on Fig. 1&) (Sec. IV B).
the power increase during the implosion. Table Il summa- The pinch power is also estimated from a pinch brightness
rizes acceleration times obtained from both electrical methtemperature measuremeifii(t), with a filtered silicon diode
ods and the radial optical streaks. array [12] [Pgp, light blue line, Fig. @b)], e.g., Psp(t)

The ROS emission trajectory accelerates inward=2mRyisor1)€osTh(t) Where Rygot) is again the rocket
~7-10 ns later than the current front for both arrays. Thigmodel trajectoryf is the pinch height, andy is the Boltz-
difference is not understood. The size of the inductance inmann radiation constant. The XRD power corrected for geo-
crease required appears to be larger than the maximum pogetric collimation nearly agrees with that estimated from the
sible effect caused by current convection into the center opinch temperature measurement. The sensitivity of the XRD
the array. We assume that the implosion of the brightest fronffiltered with 4um Kimfol) to the soft x rays falls off rapidly
observed with the optical streak represents the locatiomt radiation temperatures below 60 eV. This might account
where current heats some rapidly moving mass. One posdior the underestimate of the filtered XRD measurements
bility is that the wire cores could carry some current andcompared to that of the silicon diode. The error in these
begin to move prior to complete wire core burnthrough.estimates of power, prior to 0.93,4 is (+30% ,-50%. The
Complete core burnthrough at some axial locatii®832 is  combination of silicon diode and XRD measurements gives a
possibly associated with the more rapid and bright implosiorcomposite pinch power history over the last 60 ns of the
observed with the ROS. This difference might also be a sigimplosion history.
nature of nonuniform ablation at the array edgg]. Axial The power increases from 0.05 to 0.4 TW during the ab-
modulation of the ablation rate leads to an axially periodiclation phase(ll), equivalent to a~15-30-eV wire region
perturbation of the wire cord8]. Current flows along the temperature. During the implosion phask), the power in-
perturbed surface prior to acceleration, increasing the inducreases from 0.4 to 5 TW. The radiated power for 40-mm
tance. The ROS gives an image integrated over the arrawire arrays(not shown also ramps up in a similar way from
length and the boundary remains stationary until the wired.1 to 6 TW during phase@l) and(lll), prior to final stag-
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nation. All primary and secondary hohlraum temperature hisdistributed mass may also allow a shunting path for some of
tories observed ompinch-driven hohlraums show a foot on the current at larger radiy86—8§, bypassing the main im-
the drive from the pinch radiation during the implosion plosion. Current shunting at larger radius would reduce the
run-in phase(ll) [6,10]. If this foot pulse can be measured convergence or compression ratio of the current. Sietes.
accurately, understood, and control[&8,84, it may be pos- have observed axially nonuniform ablation of wire arrays on
sible to harness this radiation to generate a foot pulse for th& with bent-crystal radiograph§s0,51].
isentropic compression of ICF capsules. Aspects of trailing mass observed in these experiments
Figure Gc) shows the half width or radius of the precursor are mass distributed outside the radius of the brightest emis-
as a function of time from the XRPHC. The diameter ission regions, mass distributed well outside the effective po-
initially stable over a period of about 20 ns, from the time it sition of the current sheath out to the edge of the array early
is first observed. The precursor starts to expand @ 5z, in the pulse while the implosion is underway, or mass de-
just after the implosion phase starts, as also observed in préected at a radius 50% larger than the effective position of the
vious experiments on Magpig6,32. Precursor expansion current sheath at stagnation. Aspects of the trailing current
correlates with the increase of the power during run-in. Aobserved in these experiments are an effective radius of the
model for the precursor expansion is presented in Sec. IV Ecurrent sheath well outside the radius of the brightest im-
This model balances the thermal pressure of the precurs@loding front, as well as current distributed over a significant
against the incoming kinetic pressure of the ablated ions. Th&action of the initial array radius.
precursor expansion occurs because of absorption of run-in
radiation. The increase of precursor temperature and thermal 1. Three-dimensional implosion characteristics and trailing
pressure leads to an increase in the precursor equilibrium current

radius[32]. The trajectory of the outer edge of the axial XRPHC pro-
The end of the implosion phaskl ) and the beginning of file [green circles, Fig. @)] agrees with that from the
the stagnation phas@V) are approximately when the peak chordal 1D-RO9gblue circles, Fig. )], for the 20-mm ar-
of the accelerating shell from the XRPH@d circles, Figs. yay. Early in the implosion phase, the effective radius of the
6(a), 6(b), and 7a)] strikes and merges with the expanding cyrrent profile also agrees with that determined for the outer
precursor. This occurs #.96+0.027,4for the 20-mm and  grray edge from both these emission diagnostR®S and
0.92rg54for the 40-mm array, about 4-8 ns prior to the rapid XRPHC) for the 20- and 40-mm arrays. There is, however, a
power increase at the start of phadé), which is, by defi-  progressively larger deviation between the effective radius of
nition, at 1.0,g The precursor radius appears to compresshe current and that of the emissive regi¢esy., the peak of
at the start of stagnation in Fig.(®. At stagnation, the the XRPHC, red circles, Figs.(® and 7a), or ROS, blue
power pulse may begin to increase with the compression angircles, Fig. Ta)]. These deviations become apparent at an
shock heating of the precursor plasma by the incoming masgrray radiusr(t) <R/2 for the 20-mm array and(t)<0.8R
and curren{32,33. Several models of the pinch power in- for the 40-mm array.
crease during implosion will be presented in Sec. IV. The brightest and most rapidly moving emission feature
[the peak of the XRPHC shell, red circles, Fig$a)6and
7(a)] arrives on the axis well ahead of the thin-shell model
[black line, Figs. 6a) and 7a)] and ahead of the mean posi-
Direct measurements of the trailing mass have been madén of the currenforange line, Figs. @ and 7a)]. Delayed
on Magpie at 1 MA and Angara-5-1 at 3 MA with laser acceleration of and earlier arrival of the peak of the XRPHC
imaging diagnostics. For example, fingers of trailing massompared to the thin-shell model and the current indicates
are observed to extend to the initial array radius at stagnatiothat it is not carrying the entire initial array mass or current at
on Magpie[32]. One definition of trailing mass would there- the moment it first arrives at the axis. This means that there
fore be mass distributed between the axis and initial radius atust be current and mass distributed at radii outside this

G. Phases Il and IV: Trailing current and mass data

stagnation. Recent measurements on Angara-35] indi- brightest and most rapidly moving front. As noted, the ROS
cate that 54% of the current resides at a radil®/2 for a  data[blue circles, Figs. @) and 7a)] appear to have a de-
heavy 20-mm-diam array, at stagnation. Agd®is the ini-  layed start of acceleration compared to the current. The tra-

tial array radius. Features of these data have been reproducgttory of the ROS also crosses over the current and thin-
with both 2D[35] and 3D MHD[85] simulations. Trailing shell trajectory{in particular in Fig. 7a)], indicating it does

mass and current are fundamentally three-dimensional isot carry all the mass or current. These observations all re-
sues, are probably related, and will impact the scaling ofjuire a 3D explanation. We refer to this mass and current as

radiated pinch power with mass and current. “trailing” without specifying either its quantity or actual ra-
The trailing mass appears to result from axially nonuni-dial distribution.
form ablation of the wire coref32,35. The origin of the We hypothesize that the visible 1D-ROS and electrical

trailing mass is unknown and a subject of active investigadata show the position of the outer edge of an optically thick
tion. Regions of the core that ablate through first, implodepbject, while the axial diagnostics detect features moving
and allow more slowly ablating regions to trail behind theinternal to the outer, optically thick edge of the imploding

implosion front or implode at a slower rate. This processpinch. For the 40-mm array, with only 37% of the mass per
may create an effectively wider imploding sheath, distribut-unit length of the 20-mm and a lower optical depth, the ROS
ing the mass and current over a larger radial extent. Thelata may not entirely coincide with the outer edge of the
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imploding mass at smaller radisee Fig. 7a) where the ra- nation and we neglected this effect, the decrease in load cur-
dius of the ROS is less than the radius of the effective currentent would look like a smaller radius of current and a larger
position|. convergence ratio.

The velocity of the peak of the emission layer at the axis We unfold electrical data from 20-mm arralSig. 6(a)]
(40 cm/us) is significantly larger than the velocity of the with the largest AK gag3 or 4 mn), for which the radiated
ROS (24-33 cmfzs) or the current(28 cm/us) (see Sec. power and energy no longer increase with increasing AK gap
V A). The different velocities are evidence consistent with arl20]. However, this could simply indicate that current loss
axially inhomogeneous implosion. This bright front may be aacross the 3- or 4-mm gap has become small and fixed, not
shock launched into the precursor plasma by the magnetigecessarily zero, leading to some small but systematic error
piston at the moment the acceleration starts. Lebedeal.  in determining the radius of the current. We also caution that
first observed this shock, in an axial view of aluminum wire-the load current measurements may have a somewhat larger
array implosiong32]. Shocks may not be observed if the systematic error beyond peak. Despite these caveats, we in-
precursor plasma temperature is too hi@®]. The bright terpret the electrical data from 20-mm arrays after the peak
front may also correspond to the implosion of the array a®of the current at~0.87,4as a strong indication of trailing
some axial locations prior to others, because of axially noncurrent(current outside the radius of brightest emissibe-
uniform ablation[32,33. The heating by this shock and/or cause the mean current radius shows reasonable agreement
heating and snowplow accretion by the magnetic piston mayvith the ROS and XRPHC edge measurements down to
contribute to the power increase during the implosion phasé(t)=0.5R (att=<0.95r,9, Well beyond peak current. Also,

(see Sec. IV D other observations, discussed below, directly or indirectly in-
At stagnation, the effective radius of the current, deter-dicate trailing mass.
mined from the inductance unfold§7], is more than twice By comparison with the 20-mm data, the 40-mm AK feed

as large as that for the brightest radiation emission observegbhp has arn-40% weaker initial magnetic insulation of the
radially. The radius of the current at peak powerRg, feed gap and, hence, possibly more current loss in parallel
=2.8+0.4 mm for the 20-mm arrdyaverage of six identical with the load inductance compared to the 20-mm afr&lye
shots, from the database of R¢R20], with anode-cathode magnetic insulation of the feed gap scaleddé$/R, where
(AK) gaps of 3 and 4 mipn corresponding to a diameter of d(t) is the time-dependent AK gapThe 40-mm current ra-
5.6+0.8 mm. The convergence ratio of the curré®R  dius valuedFig. 7(a)] may therefore underestimate the con-
=R/R,,) is 3.6+0.6:1[Figs. §a) and 1&a)]. This is signifi-  vergence ratio relative to the 20-mm array. The radius of the
cantly less than the=10:1 typically inferred from x-ray pin- compressed current is 4.2 mm at peak power, for the 40-mm
hole camera measurements of the size of the brightest radiray, which corresponds to a CR of 4.7:1. This is a larger
ating region at peak powé¢B,5,89. This is discussed more current radius at stagnation than for the 20-mm array. Soft
completely in Sec. Il G 4. x-ray pinhole camera measurements in the radial direction,
This effective radius is calculated assuming that the in-however, typically show a smaller FWHM of the brightest
ductance of the imploding wire array can be represented asemitting regions at peak power for the 40-mm arrays
collapsing thin shell in a concentric return-current conductor(1.5+0.2 mm, CR=26.7:1; see Rdf]), compared to the
This provides a physically meaningful result, since the re20-mm (1.7£0.2 mm, CR=11.8:1; see R€f20]), which
sulting radius, as a function of time, is well behaved andsuggests a tighter pinch. Also, axial XRPHC ddtot
monotonically decreasing. This technique does not give inshown; see Ref[78]) indicate a tighter compression of
formation on the profile of the current, without further as-40-mm(6.9:1) compared to the 20-mrt4.7:1). Larger AK
sumptions. There could be current distributed both inside andaps(8—10 mmn) are recommended to increase magnetic in-
outside the effective radius. Since the inductancg sulation and test for systematic effects of current loss on
~In(R/r), most of the current is distributed inside this effec- inductance unfolds for larger diameter arrays.
tive radius. The observation that the current converges to a
factor of 2 larger radius than the brightest emission region on
axis again indicates trailing current, even at stagnation, near As an indirect test for trailing mass, we utilized the thick
the axis. Be and Au foil reemission markers on the electrode at the
Load currents are measured 6 cm from the wire arraybottom of the 20-mm pinch as described in Sec. Il C. Recall
prior to the final, smaller AK gap at the base of the wire arraythat 1D radiation burnthrough calculations indicate that these
(see Figs. 1 and)2Anode-cathode gap current loss at thefoils would provide a factor of 1.7-2.9 reemission contrast
base of the array might lead to systematic errors in interprebetween 0.5@,4 and 1.0Z,, Two-dimensional RMHD
tation of the electrical data as a lower inductance. Largesimulations of tungsten array interaction with the electrode
load currentgsmaller convolute voltagesan be produced surface show a maximum Rosseland mean optical depth of
by both a resistive path in parallel with the pinch inductancetungsten left behind on the electrode gf~ 0.1-0.3(total
(e.g., AK gap or convolute current 10922,23,4 or by trail-  for both the upper and lower electrode surfac@$e lack of
ing current(e.g., a lower pinch inductancdf one assumes observable contrast between the Au and Be at large radii
that the current flow results only due to load inductance andafter the shell has moved Hyigs. 4c)—4(e), t=0.85r,
there is actually AK gap or convolute current loss in parallel,therefore indicates that the emission is not coming from the
a mistakenly larger current radius and smaller convergenckottom electrode, but from the emission of hot trailing mass
ratio would result. Also, if the pinch were resistive at stag-which appears to extend to the limit of the field of view.

2. Trailing mass: Axial diagnostics
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| trailing (a) increase of the precursor temperature prior to merger is
qualitatively similar with the model of precursor expansion
in Sec. IV E.

A shelf or plateaulabeled trailing magsis observed on
the XRPHC radial emission profile at a radius larger than
that of the ~2-3-mm FWHM moving shell for>0.85z,
[Figs. 8a) and 8b)]. The radius of the edge of these profiles
[given in Figs. 6a) and 7a) as the green circlgss well
outside the peak of the moving shgdiiven in Figs. 6a) and
7(a) as the red circlds The edge radius, however, coincided
with the effective position of the currefibrange lines on
Figs. §a) and 7a)]. The mean position of the current is at a
larger radius than the brightest and most rapidly moving
front. As noted, the lack of contrast between the Au and Be
- markers implies that this emission cannot be from the bottom
43 mm (b) electrode surface. Further evidence that this plateau must be
hot mass, trailing in the wake of the imploding shell or mass
imploding more slowly, is provided by a calculation of the
maximum possible reemission flux of the bottom electrode.

For this calculation, we assume the system is a hohlraum
with no plasma fill other than a tightly compresseg@inch
on the axis driving the systefe.g., a so-called vacuum hohl-
raum[7]). The measured pinch powdisig. 6(b)] are used in
a 0D hohlraum power balance mod6l90]. We calculate a
conservativelmaximum possiblebottom electrode reemis-
sion temperature given the range in error for the measured
powers and wall albedo.

We find that the plateau of the x-ray emission at the edge
of the distribution has a from 2.1+0.9 to 4.1+1.8 greater
reemission flux than the maximum possible bottom electrode

FIG. 8. Radial profiles of axial x-ray pinhole framing camera Of the equivalent vacuum hohlraum would have, between
images(from Fig. 4, for the 20-mm array from shot 74 plotted as ~ 0-857stag @Nd 0.9845 This is independent and strong evi-
power dens|ty(TW/Cm2) by norma”zing the images to the mea- dence that the emiSSion comes from hOt plasma in the hOhI-
sured axial power from an x-ray diode and bolometer. The numberé2um at large radius, amtbt the bottom electrode. The ratio
on the curves are normalized timésh—stag), (a) used 4-ns gates increases from 2.1+0.9 to 4.1+1.8 in the period from
between 0.58,5 and 0.93y,g (b) used 2-ns gates between 0.857g,y t0 0.93rg,g @s the trailing mass heats. Between
0.90r1ag and 1.05,4 The error is 20% in power density. The 0.937,q and 1.05,4 (@bout 11 np the ratio falls from
precursor is observed on axis. A 1.9-3.1-mm FWHM shell-like ob-4.1+1.8 to 0.9+£0.2 as the trailing mass either moves out of
ject implodes onto the precursor. A plateau of hot trailing mass igshe way and implodes or burns through with the rapidly ris-
observed outside the shell between G.8gand 0.98,4 The ra- ing pinch power at stagnation.
dial extent of the pinch at peak powl.05r,g is very broad. Some mass appears to trail to the edge of the field of view

(r=0.8M) between 0.85;,4 and 0.90,4 and at least 2—4

Radial profiles of x-ray intensity are obtained from the mm behind the moving shell between 0794, and 0.98;,4
axial XRPHC data shown in Fig. 4. Axial XRD’s and bolom- At stagnation, the full width of the emission profile is 8.3
eters normalize the radial intensity profilg85,78, giving  mm[Fig. 8b)], implying some mass located out to 4.2 mm,
the power density profiles shown in FigaBand 8b). Early  50% larger than the effective position of the current. If this
in the pulse, we see a precursor radiation brightness tempererass has a large magnetic Reynolds numBe=uqul/ 7,
ture of ~25-30 eV. The moving shell feature, with a width where g is the permeability of free space, andl, and »
of 2-3 mm, enters into the axial view at 07§, The ma-  are some characteristic fluid velocity, length, and resistivity,
terial on axis at the center of the collapsing region, includingrespectively, there could be current frozen into this mass,
the precursor, heats up. The precursor broadens as the implodt to 4.2 mm.
sion proceed§Fig. 6(c)]. Shell widths are difficult to extract At peak power, the reemission flux of the plateau is equal
later in the implosion because of the broadening of the preto that from the hohlraum modé ratio of 0.9+0.2 con-
cursor, the heating of material in the center, and the shelf osistent with the measured power and calculated albedos.
plateau at large radius. Nevertheless, it appears that the sh&lear peak power, the hohlraum indeed behaves as a vacuum
does not widen as the implosion proceeds and may actuallyohlraum. This conclusion is consistent with previous work
narrow (possibly from snowplow mass accretion; see Secthat confirmed the energy balance and secondary coupling of
IV D). The moving shell eventually merges with the precur-these systems at peak pinch power, to within +2@8,17.
sor region at 0.9,4 [Fig. 6(c)]. The precursor reaches a Prior to peak power, as well as for smaller diameter second-
brightness temperature of 75 eV just prior to merger. Thearies [12], we may not be able to neglect pinch plasma
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g 1.0 ' ] compresses to 0.5 mm under acceleration by the magnetic

2 o8l . (a)_ pressure. Synthetic XRPHC profiles are then produced which

£ 0.8} synthetic densit ] account for axial radiation transport, motional blur during the

E o.6H XRPHC : y XRPHC gate width§2—4 ng, and XRPHC filter response. In

o \4 i ¥ electrode general, these effects broaden the x-ray image and shift the

& 04l i i] re-emission ] peak of the x rays to a somewhat smaller radius

T i| notincluded ] (~0.2-0.9 mm compared to the width and peak of the im-

% 0.2} g ] ploding density profile.

2 [ Figure 9a) is a simulation of the implosion of a 1.0-mm
°'°0" 2 o p o 1’0 T2 tungsten shell. Figure(B) is a simulation of the implosion of

a 1.0-mm shell with delayed acceleration to approximate a

o 10 * wire ablation period and incorporating a uniform prefill, with
= (b) 25% of the initial array mass. The shell mass is decreased to
%_ 0.8 ) ] 75% of its initial mass to approximate a decrease from wire
€ 06 pos.s_lble ablation and precursor injection. The acceleration history of
: ) trailing this simulation was modified to begin at 8,84 as in the
@ oal _ mass experiment. The size of the RDP required to produce agree-
s Y T ment with the power pulse was a factor of 3-5 larger for the
Eo2f iy ] delayed trajectory with the uniform prefill. The increase in
2 i the RDP is consistent with a lower integral number of linear

0.0 k=i po vest . : MRT growth times[30,41] for a delayed trajectory with a

0 2 4 6 8 10 12

Radius (mm)

higher acceleration and lower mass. Delayed trajectories that
have an overall higher average acceleration—e.g., those of

the inductance or the emissigsee Sec. IV Bcompared to
the thin shell—have a 25%-30% lower number of linear
(solid lineg from 2D(r-2)-RMHD simulations of a 20-mm, 6.0-mg MRT growth period{~fvmm, wherek is the MRT wave
array seeded by random density perturbati@®BP) for () a shell- ~ humber anda(t) the array acceleratignand therefore in-
like implosion with a 1% RDP andb) a shell implosion onto a creased stability. In addition, a pinch that accretes mass dur-
uniform, cold, prefill with 25% of the array mass, with a delayed ing the implosion(see Sec. IV D could be more stable to
trajectory and with a 4.5% RDRy is the Rosseland opacity of the the MRT compared to a simulation without a prefill
material located radially between the axis and imploding shell[21,32,91-94
when viewed axially. At a radius ofr(t)=0.65R (at t=<0.85r4,9 the density
from the simulations has not broadened significantly beyond
blocking the entrance to the hohlraum and its potential imthe 0.5 mm width produced initially, for either case. In Fig.
pact on secondary couplin@2] and capsule drive symmetry 9(a) (pure shell implosion the simulation shows a low-
for ICF applicationd 11-13. opacity(Rosseland optical depty<<0.1) material inside the
Direct interpretation of the radial profiles from the axial collapsing shell, accelerated at high velocity down to the
XRPHC is difficult because of radiation transport integratedaxis. A low-density, hot, precursor-pinch-like feature is also
along the length of the pinch implosion system and becausebserved on the axifFig. 9a)], a possibility we noted in
of an a priori unknown mass and temperature distribution.Sec. Il C. Were the opacity this low in the center of the
Figure 9 gives two illustrations of this issue in array, the contrast between the Be and Au markers should be
2D(r-2-RMHD simulations of imploding shells. A multi- visible internal to the array in Fig.(d) Figure 9b), however
group radiation diffusion treatment was usé&B groups (shell implosion onto a cold 10-30 eV, uniform tungsten pre-
spanning from 10 eV to 10 keV logarithimicallyThese are fill), shows a high-opacity material inside the collapsing shell
not intended to be exact simulations of the implosions, but td 7z~ 1.1), similar to what is observed in Fig. 4. We did not
incorporate different elements as approximate model probinclude a precursor pinch region on the axis of this simple
lems as a guide to interpreting the axial XRPHC data. Al-model of ablated material in Fig.(1$).
though we suspect that 3D models are ultimately required, Neither simulation included trailing mass or electrode re-
the 2D simulations have the most advanced radiation trangmission[see Fig. )], which accounts for the rapid falloff
port models and are our best tool at present. in the synthetic XRPHC profiles at large radius. This is in
The Eulerian simulations were run in thez plane. The contrast with the plateau of bright emission at large radius
array was initialized as a 1-eV, 1-mm-wide, 6-mg, tungsterthat we concluded was from pinch plasma emission. The
shell. A random density perturbatiai®RDP) of this initial  plateau of bright trailing mass, an example of which is added
shell is used to initiate the growth of the 2D-MRT instability schematically in Fig. @), therefore indicates a broad gradi-
[21-23. This instability spreads the mass out during the im-ent of plasma, trailing off toward the initial array radius. This
plosion. The size of the RDP is chosén the conventional is inconsistent with the steep gradient at the outer edge pro-
or classical manner as in Refl21-23) so that the peak duced by the implosion of an MRT unstable 2D shell with an
power, risetime, and FWHM of the actual power pulse atRDP selected to match the power pulse width at stagnation
stagnation during phase IV are reproduced. The 1-mm shelFig. 9a)].

FIG. 9. Radial profiles of the densitgashed lingsand corre-
sponding synthetic axial x-ray pinhole camd&péRPHC) images
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The difference between the peak of the moving shellbelow. Time-integrated crystal spectroscopy contifmea-
[XRPHC, red circles, Fig. ®] and the radius of the outer sured between 1 and 1.8 kg¥®lso indicate that the axial and
edge[1D ROS, XRPHC, blue or green circles, Figéa)p or  radial source spectra are different. Average spectral continua
current[orange lines, Fig. @] gives a measure of the shell brightness temperatures observed axially120-170 eV,
width. The shell is wide initially[~1.9-2.8 mm FWHM,  over a 4-2-mm diameteare lower than those observed ra-
from Fig. €a), 1.9-3.1 mm FWHM from Fig. @] at large  gjally (~250 eV, over a 2-mm diameterThe axial crystal
radius r(t)~(0.8-0.73R [corresponding to timest  gpectroscopy also suggests the presence of a smaller-

~(0.80-0.8%755g. Based on the two model 2D-RMHD giameter hotter core within the larger-diameter softer emis-
problems, at these times and radii, only about 0.3-0.9 mm ofjgp.

this width results from broadening due to radiation transport
and motional blur during the camera gate pulse. Two- 3. Trailing mass at the array edge: Chordal diagnostics
dimensional MRT in the conventional or classical sef&sg.,

Refs.[21-23), with the RDP adjusted to match the power .
pulse[[pureaszhell case, Figs.(@J], will only significanptly chord at the edge of the 40-mm array is observed on a streak

broaden the apparent shell width in the XRPHC view tocamerdFig. 7(b)]. This instrument gives a direct measure of
=2 mm later in the implosion as the array gets closer to thdhe trailing mass. These data show individual wires early in
axis, r(t)<0.5R (at t>0.9ry,). Two-dimensional MRT the implosion, consistent \.Nlth' a wire ablatlon. pha($};
therefore does not appear to be a factor broadening the shéf0-15-0.307,g. Transmission is then cut off by increasing
at large radius, based on these simulations. The remainingfractive gradients and absorptidm,~10'%-10"° cm ).
width at large radius may reflect axially nonuniform wire During the period that transmission is cut dtbetween
ablation and axially nonuniform implosion at the array edge 0.37g,gand 0.85,4, emission and current diagnostics show
as observed at smaller curref6,32. Axially nonuniform  that the implosion is well underway. Thus there is a signifi-
ablation and implosion could create an effectively wider im-cant density of material left at radii between 15 and 20 mm
ploding object by the end of the ablation phase. even while the current and emission front are rapidly implod-
The comparisons of data and this 2D-MRT model are preing toward the axis. The reappearance of laser transmission
sented to indicate that the conventional or classical MRTwell after the edge of the array has begun imploding
picture does not describe the observed large initial shel(>0.875,y) is consistent with plasma densities,
width. These 2D-RMHD simulations also do not include ~10'-10'® cm™3, containing at most a few perce(@.5%—
trailing mass, trailing current, a realistic prefill density, tem-5%) of the array mass trailing near the initial radius at peak
perature or current profile, or azimuthal effects on instabilityx-ray power. Again, if this mass has a large magnetic Rey-
growth and are not very good approximations of the furthemolds number, some current would be frozen in.
development of single-array implosions. Trailing mass and The observation of a rapidly imploding front with emis-
current imply that 3D models are required to appropriatelysion and current diagnostics, while the laser diagnostic is cut
model powers during run-in and at stagnation. Lacking a 3Doff, suggests axial inhomogeneity of implosion. As Fi¢)7
wire ablation model and imaging diagnostics we cannot beshows, once the density has dropped allowing transmission,
more specific about contributions of 3D-MRT, motional blur, the plasma is highly nonuniform axially and turbulent. These
radiation transport, nonuniform ablation, and trailing mass talata also imply that mass is distributegith some unknown
the width of the shell observed with the XRPHC or at stag-profile) between the axis and initial radius of the array at
nation. X-ray radiography{50,51] and time- and space- peak power. This suggests that the outer edge of the mass
resolved spectroscopy data are needed to truly interpret theséstribution is not as sharply defined as for a 2D-MRT un-
x-ray emission profiles in detail. stable pinchFig. 9a)], as we concluded based on the axial
At peak powel1.05r,4 Figs. 4€) and 8b)], the FWHM  XRPHC profiles(Fig. 8).
of the emitting region is 4.3 mm, when viewed axially. The A spread out mass distribution is consistent with Saso-
width of the profile at the level of the electrode reemissionrov’s 2D-MHD model of the trailing current observed at
temperature is 8.3 mm, indicating a very broad object withAngara-5-1[35]. These simulations produced a density pro-
significant wings. The on-axis peak power densityfile that falls off slowly toward the initial radius. The trajec-
[~21 TW/cn?, from Fig. §b)] corresponds to a 120 eV tory of the clearing fronfblue squares, Fig.(@); dotted line,
brightness temperature. The FWHM of the hot radiating reFig. 7(b)] is extrapolated to the axis assuming 0.5% of the
gion at stagnation is 1.7+0.2 m(@R=11.8:1 from analysis mass and 10% of the currefliight blue line, Fig. 7a)] and
of five shots from the database of RE20] at full current, appears to arrive during the tail of the power pulse, reaching
with available x-ray pinhole camera datehen observed the axis at~1.157,4 This trajectory is also consistent with
radially (averaged along the axial directiprwith a time-  larger mass at larger currents—e.g., 5%-15% of the mass at
resolved x-ray pinhole camerémeasured at~250 e\) 30%—-50% of the current.

The transmission front of a 532-nm cw laser through a

[63,20. The radiated power of-124+15 TW[20] corre- Observations of trailing mass or a very broad imploding
sponds to a 220+6 eV surface brightness temperature wheshell are clearly related to the observations of trailing cur-
assumed to be emitted from a 1.7-mm-diam cylinder. rent. The laser shadowgraphy data demonstrate that even for

This suggests that the sources viewed by the axial anthe lightest array, with the earliest wire burnthrough and ac-
radial instruments are quite different. In addition, the radialceleration(the highest ablation rate per unit mass; see Sec.
XRPHC data show low-temperature wings on the emissionV F), some mass lags at least 5 mm behind the effective
profile, with a width of 4-5 mm, discussed in Sec. Il G 4 current front. It is unknown to what extent these electron
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densities of 1&-10" cm3 (and the corresponding ion den-

sities of 13°-10'8 cm3 for an average ion charge stafe
~10) at the edge of the array actually impede the rate of
current transfer to the axis and impact the array performance
at peak power. These data point to behavior earlier in the
implosion that spread out the mass and possibly could limit
the convergence of the mass and current at stagnation. Esti
mates of the clearing time or the time it takes different quan-
tities of trailing mass to compress or accelerate inward are
given in Sec. IV B.

4. Broad mass profile at stagnation: Radial diagnostics

The trailing mass near the edge of the array during the
implosion can influence the mass profile near the axis at
stagnation. Data from a time and space-resolved XRPHC
viewing the pinch in the radial direction through the diagnos-
tic slots give information on the spatial structure, uniformity,
and radial extent of the pinch within 3 mm from the axis.
The data are obtained with two different x-ray filters on the
same shot. Data from shot 665 are shown in Fig. 10. These
data were obtained with a 4m-pinhole-limited spatial
resolution and a 100-ps gate pulse. Motional blur is esti-
mated to be about 2am. The total spatial resolution is
70 um. Figures 108)—10(e) show images from 4.g:m Kim-
fol and 193 A of aluminuni“soft” filter). Figures 10f)—1Q()
show images from 4.&m Kimfol with 1313 A of aluminum
(“hard” filter). The thicker aluminum filter attenuates emis-
sion below the carbon edd284 e\) by an additional factor
of 6-60 depending on the energy.

Comparing the images from the two filter levels, we ob-
serve a large diameter cold halo surrounding a hotter core
region. The “core” consists of 5-15 hot regions or “hot
spots” of varying sizes. Some of the hot spots could be over-
lapping and not individually discernable. The halo emission
is effectively suppressed with the somewhat thicker Al filter.
Al filters at least 1300 A thick effectively stop UV and VUV
radiation, and are also known to be pinhole free, effectively
preventing the transmission of visible light.

In Figs. 1@b)-10(d) the structure of the hot spots and the
shape of the intensity contoufwhite lineg appear to show
an instability with anm=0 sausage character growing up
rapidly during the rise of the pinch power. Figure(d0ap- 2 ;
pears to indicate the formation of a mitd=1 kink instabil- 32-1012233-2-10123
ity, just after peak power. The kink instability is never ob-
served before peak power in any framing data. We also
observe in Figs. 1@) and 1Qd) the presence of a number of
“bubble” regions labeled “b1” through “b3,” defined for this

discussion as a C(.)Id region surrounded _by hot material. FIG. 10. (Color X-ray pinhole camera data with a radial view
These a_spects of Fig. 1O.W|” be dlscu_ssed in Sec_. VB. of the pinch(normalized exposujgrom shot 665: pinhole images

. The t,'mes corresponding to. each image for Fig. 10 AGyere filtered with 4.8um Kimfol and 193 A aluminum in parts
given with respect to peak radiated x-ray power rather thany_(e) and with 4.8 um Kimfol and 1313 A aluminum in parts
normalized to the stagnation time. Peak power is at&4,Q5  (f)—(i). Times are given as time with respect to peak radiated power,
Figure 1Qd), obtained 0.2 ng1.052r,y after peak x-ray rather than normalized to the stagnation time. Parvas obtained
power, shows cold material trailing outside of the hotter coreat 6.6 ns prior to peak power, paits) and (f) at —4.6 ns, partsc)
region at a 2- to 3-mm radius, almost out to the edge of theind(g) at -1.1 ns, partéd) and(h) at 0.2 ns, and par(®) and (i) at
slot in the electrode. Figure (d compares axially averaged, 2.4 ns. The images all use the same color table. Cold material sur-
radial profiles from the soft filtered data in Figs.(48-10(e). rounds a hot core region i@—(€). Only the hot core is observed
The FWHM rapidly decreases from 5.2 mm, 6.6 ns prior towith the thicker filter in(f)—(i). “Bubble” regions(cold material
peak power(0.9874,9, to 1.3 mm, 2.4 ns after peak power surrounded by hotter materjare labeled b1, b2, and b3.

Axial Position Z (mm)

Radial Position R (mm)
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the growth of the diameter of the stagnation region after
0.98r1, Observed in the axial XRPH{Fig. 6(c)].

The series of radial profiles from the soft filter in Fig.
11(a) implies a compression time scale of about 9 ns for the
mass located between 2 and 3 mm from the axis. The trailing
mass either continues to implode or burns through and be-
comes optically thin. If interpreted as implosion, the velocity
is ~(0.2-0.25 cm/9 ns or~22-28 cmus, about equal to
the effective implosion velocity of the current observed at a
similar time[see Fig. 2(b), Sec. V Al.

Figure 11b) compares the axially averaged, radial profiles
of the soft- and hard-filtered pinhole images near peak
power. The hard profile is normalized to the peak intensity of
102 ‘ ‘ ‘ ‘ - the soft profile. The soft profile is fit with the sum of two

1.0 : Gaussians: one with a FWHM of 4.0 mm representing the
wings and one with a FWHM of 1.4 mm representing the
core hot-spot region. The FWHM of the core fit is somewhat
larger than that of the corresponding hard-filtered prg@l®
mm), but about that of the soft-filtered profile 2.4 ns after
peak power(1.3 mm. We speculate that these wings on the
mass profile at stagnation may result from the trailing mass
profile near the outer edge of the array earlier in the implo-
sion history.

We normalize the radial XRPHC images to the measured
pinch power at that time, determined with the radial XRD
and bolometers. The result is converted to radiation bright-

A 3 ness temperatures assuming each pixel in the image acts as a
00, === 1 o 1 2 3 cylindrical Planckian emitter. This procedure is only in-
tended to be an approximate, visual aid, but has some physi-
cal content. We neglect emission integrated over one optical

FIG. 11. (Colon (a) Axially averaged, normalized radial x-ray depth into the pinch boundafa Milne boundary condition
exposure profiles from Figs. (@-10(e). Times given are with re- and assume that the emission simply comes from a surface
spect to peak radiated x-ray power in ris) Normalized soft- emitter. We also neglect the XRPHC filter response, assum-
filtered (solid black ling and hard-filtereddotted black lingradial  ing that the normalized exposure just gives some appropriate
profiles at 0.2 n$Fig. 10d)]. The soft-filtered profile is fit by the and flat weight of the contribution of each pixel to the total
sum of two Gaussians, showing a wiflgue), a core(green, and radiation.
the total (red. Numbers on the plots are the FWHM. The pinch  Figure 12a) shows the brightness temperature distribu-
reaches maximum compression after peak power. tion for Fig. 14d), obtained just after peak power. Figure

12(a) is essentially Fig. 1@) plotted on a logarithmic color
(1.084r5,9. The intensity of the wing drops from 20% to scale. The wings are more clearly shown as temperature. We
10% of the peak intensity between -1.1ns and 0.2 ngbserve halo region brightness temperatures of 50-150 eV
(1.039r51,4-1.052r;,9, corresponding to about 50% of the and core region brightness temperatures of 150-300 eV. Fig-
peak temperature. The radial profile observed at 2.4 nare 12b) gives a 3D representation of the data, showing very
(1.084r4,9 falls quickly to 1% of peak, indicating little or no  clearly the broad wings of the low-temperature trailing mass.
wing compared with earlier times. The 4—6 mm extent of the wings at peak power is consis-

Peak radial compression of the self-emission is after peatent with the diameter of the effective position of the current
power[Figs. 1@e) and 1Qi)], in agreement with the trajec- (5.6+0.8 mn). The data are also consistent with the effective
tory of the curren{Fig. 6(@)]. Since wall reemission peaks diameter of the pinch from the axial XRPHE.3 mm
about 1.5 ns after peak pinch poweél, the rapid decrease of FWHM) and with the 8.3 mm maximum extent of the wings
the profile implies that the emission is not wall reemission[Fig. 8b)]. The wings on the radial profile are observed in all
from the inside of the electrode or emission from the edge ofmages with soft filtering. The detection sensitivity to wings
the diagnostic viewing slot, but the emission of trailing mass.on the profile is enhanced in the axial vi¢wig. 8b)] be-
Also, wall reemission would result in a flat plateau at largecause of integration along the 10-mm length of the system.
radius, not a rapidly decreasing profile. We cannot observ@he wings are more difficult to detect in the radial view
whether these wings extend beyond the edge of the 6-mnbecause of a decreased integration path length, increased
wide diagnostic slot. axial nonuniformity, and decreased optical depth due to heat-

The FWHM of the profile from the hard filtered images ing by the hot core.

[Figs. 1@f)-1Q(i)] actually increases from 0.5 to 0.9 mm  Other published radial XRPHC data taken with soft filters
between —4.6 n§~1.0rg,9 and 0.2 ns(1.052r,, as the show wings on the radial profilg3]. Some previously pub-
compression and heating proceeds. This is consistent witlished XRPHC data show only a small, tightly pinched core,

10"

Radial Profile (normalized)

0.8F

0.6 soft_core

=1.4 mm

soft_wing
0.4F —4.0mm )
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FIG. 13. (Color Spectral power from a wire array at peak
g % power, viewed radially with a transmission grating spectrometer
5 from shot 987(circles with +20% error bajs Unfolds assume the
8 superposition of two Planckian distributioridashed and dotted
Jj 2 black lineg possibly representing a cold halo and hotter core. The
9 red lines(dashed lines show +35% error rangae the equivalent
~ pinch spectrum obtained from normalized radial x-ray pinhole cam-
© y era data from shot 71@.3 ns after peak powgrusing the same
E method as for Fig. 12).
B
= with pinch length were taken into account for the data in Fig.
o8 10. The pinch appears brightest near the cathode in Figs.
= 10(c)-10e) (z=0 mm). The intensity falls as the pinch nears
=

the anode. Although the last 2.2 mm of the pinch nearest the
anode is not observed in Fig. 10, the data are consistent with
the trend towards a lower temperature observed for the anode
end of the pinch in the axial XRPHC data of Fig. 8. The

expansion of colder hottest spots, observed radially, appear to be at least 3—-5 mm
electrode material from from the end of the pinch, perhaps preventing their observa-
the edge of the slot tion in the axial XRPHC.

Measurements of the pinch spectral power density were

FIG. 12. (Color) (a) Temperature distribution obtained from nor- made between 0.2 and 2.3 keV with a transmission grating
malizing shot 665 radial x-ray pinhole camera im&@e2 ns after  spectrograph(TGS), in the radial direction[61,62. The
peak power, Fig. 1@)] with the measured radial power aft) 3D spectra at peak power are shown in Fig. 13, from shot 987.
representation of the 2D image. The broad wings of the colder haloThe TGS spectral resolution and accuracy are sufficient to
the outside edge of the slot in the current return electrode, and thgagglve a spectrum well fit by the sum of two Planckians
cold slot material expanding from the slot edges in a few places args 62). The radiated soft x-ray power at peak is estimated to
clearly seen. come, partly(37%) from a 115-eV source with & 60-mn?

emitting area, and partlg63%) from a 244-eV source with a

because of the use of thicker Be filters which transmit only~5-mn? emitting area for the 20-mm array. The area of the
radiation above 1 keV5,89]. For example, in the case of the low-temperature spectral component is an upper bound be-
data in Figs. 1(d)—10Q() with the thicker Al filter, the FWHM  cause of 10%-20% flux contamination from electrode re-
at peak power is<1 mm, implying a convergence ratio of emission at a Planckian temperature of 80—90 eV.
>10:1. The 12-times-smaller area of the hot area compared to the

Sometimes, bright spots observed in the hard filtered imeolder area is either consistent with emission from hot spots
ages[e.g., the three observed at the top in Fig(HlDare or a hot core. We know from the radial XRPHC images that
dimmer in the softer filtered imag¢fig. 10d)]. This indi-  the core region consists of a number of hot spots of varying
cates cooler halo material in the path between the camera asizes. Assuming cylindrical emission areas, the equivalent
bright spot or surrounding the hot spot. Detection of haloFWHM of the cold halo is 5-6.2 mm, while that for the hot
emission is reduced with the hard filter. Since the figuresore is 0.5 mm. The power emitted by the halo may simply
have the same color table and are each normalized to thelire reemission of cold material at larger radii, pumped by the
respective peaks, the relative emission of the regions of thRot-core emission.
image containing hot spots increases. An equivalent pinch emission spectrufred lines, Fig.

The intensity of the pinch emission is not uniform with 13) was produced from the radial XRPHC image from a
length. Calibrations of the nonlinear XRPHC instrument gainnominally identical shot at peak powé&shot 719, converted
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TABLE Ill. Summary of pinch radiation brightness temperatures and sizes for 20-mm arrays.

Energy
range of
Diagnostics measurement Axial view Radial view
~220 eV
) 1.7+£0.2 mm
X-ray pinhole camera 12048 eV core: 150-300 eV
X-ray diode ~250 eV 43-8.3 0.9-1.4
Bolometer 5762 mm ~mL4 mm
halo: 50-150 eV
4-4.8 mm
Time-integrated 1-1.8 keV ~120-170 eV ~250 eV
crystal spectroscopy 4—2 mm 2 mm
Transmission grating 0.2-2.3 keV None 244+12 eV at 0.5 mm
spectroscopy 115+6 eV at 5-6.2 mm
Current NA NA 5.6+0.8 mm

to brightness temperature as in Fig(d)2The pinch spectra of the current sheath at peak power5:1) is a reasonable
are determined from these data by summing the spectra fromesult, consistent with other experimental evidence. Conver-
each pixel, over the entire image, assuming each pixel radgence ratios 0&=10:1 that have been historically inferred,
ates as a Planckian. This gives an equivalent pinch specttzased on radial pinhole camera measurements of the size of
such as would be observed in the TGS instrument. Althouglthe brightest hot regions at stagnati@5,89, appear to be
the temperature map was only intended to be an approxibverestimates of the CR of the mass and current for massive
mate, qualitative guide, the equivalent spectra compares faungsten wire array6>2 mg/cm.
vorably with the TGS spectrum. In some respects, this picture of a colder halo surrounding
This procedure appears to underestimate the highefot spots or a hot-core region is similar to that proposed by
energy tail perhaps because we simply assume thermal emigpruzeseet al. to model the x-ray emission spectra of
sion for each pixel. Other spectral measurements show K-shell radiatorg95]. In that work, a halo of colder material
harder, nonthermal taf95]. The error in these spectra is of surrounds a hotter core region, and only a small amount of
course much larger than the direct TGS measuremenhass(~5 to 15% is at a temperature that can efficiently
(£20%) because multiple instruments are involved produceK-shell emission. In this work, less than 10% of the
(XRPHC, XRD, BOLQ. In addition, assumptions about the emitting area of the pinch is at the highest brightness tem-
emission geometry and source characteristics of each pixglerature, but results in more than half the radiated power.
are unverifiable. Although this process is only approximateSome aspects of the picture of Apruzesteal. apparently
the comparison gives confidence in the interpretation of th@pply to high-mass tungsten thermal radiators, but in addi-
TGS spectra as emission summed over a pinch with a nortion we find that the radius of the cold halo seems to corre-
uniform temperature distribution, approximated as a coldetate with the effective radius of the current.
halo and a hotter core, and with a high optical depth thermal Trailing mass has been suggested previously as a cause of
radiator. secondary implosions82]. Trailing mass, or mass spread out
The three independent brightness and size measuremertsring an extended wire ablation phase, may limit the power
at stagnation from the axial and radial views are summarizetly shunting current away from the axi32,35,86—88 cre-
in Table Ill. As noted, one possible explanation for the dif-ating a broader current sheath, or by creating a broader as-
ference in brightness temperatesd emission region sizes sembly of mass and current at stagnation, reducing the rate
between axial and radial measurements is that the hot core of rise of magnetic energy density near the axis, and there-
local hot spots are not observed axially because of greatdore reducing pinch heating rates and conversion of magnetic
optical depth. The plasma may also expand axially after stagenergy to radiation. Quantitative measurements of the radial
nation and radiatively cools as it dog35]. profiles of trailing mass(and current within a factor of
The convergences of the cold halo or wing region from~2-3 would be helpful.
the axial XRPHC(4.3 mm FWHM, CR=4.7:1, 8.3 mm Models of array trajectories with trailing mass and snow-
width at the base of the wings, CR=2.4, from the wings plow accretion will be presented in Sec. IV. Additional data
of the radial XRPHQ5-6 mm, CR=3.3-4:)1 and from the on trailing current is presented in Secs. IV and V.
TGS radially(5.0-6.2 mm FWHM, CR=3.2—-4)lare simi-
lar to the convergence of the currg®t6+0.8 mm FWHM,
CR=3.6+0.6:1} at peak power for the 20-mm array. These We observe precursor pinch, a long wire ablation period,
observations provide additional evidence that a smaller CRind delayed acceleration of the wire array edge, a from 2- to

H. Summary of array implosion characteristics
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TABLE IV. Summary of observed characteristics of wire array implosidhgbservation confirmed\Y:
no published observationsD: no observations presented in this papempossible observations made. More
work recommended.

Magpie[25-33 Angara[34-4Q0 Z[41-44,50,51

Observation (1 MA) (3 MA) (20 MA)
Implosion trajectories with a delayed acceleration(0.78-0.797,4 0.875tag (0.44-0.74751ag
of the array edge
Precursor plasma on the axis of the array at X X X
>0.5751ag
Nonuniform axial ablation of the wires X X ND
Nonuniform jetting into the center of the array X X ND
Precursor expansion during acceleration phase X NY X
Rapidly moving shock into ablated prefill X NY P
Radiated power that ramps up during the X NY X
acceleration phase and interaction with ablated
wire material
Inference of trailing mass from trajectory fitting X NY X
and/or from other indirect meariepaque emission
front)
Direct measurement of trailing mass X X X
Direct measurement of trailing current NY X X

3-mm-wide imploding shell-like object early in the implo-  We summarize these and previous observations of wire
sion possibly prior to significant MRT growth, a ramp up of array implosion characteristics on the Magpig MA),
the power from 0.1 to 5 TW during the implosion phase, andAngara-5-1(3 MA), andZ accelerator$20 MA) in Table IV.
a limited compression ratio<5:1) of the current. We also Areas marked with anX” show confirmation of the particu-
see indirect and direct evidence for trailing mass and a slodar observation on that accelerator. Areas marked with a
falloff of the mass density profile at the outer edge of the"NY” have not been observed at the present time. Those
array, rather than a sharp edge, as well as axial modulation eharked with an ND” are not presented in this paper and
the late-time density at the edge of the array. The observatiorepresent observations discussed in other publica{ibhk
of a cold halo surrounding a hotter-core region at stagnationAreas marked with aP” represent possible observations. In
in multiple instruments, from axial, radial, and chordal linesthis case more work is recommended. Based on this sum-
of sight, appears to be consistent with the wings of trailingmary, a working hypothesis is that the behavior of wire ar-
mass earlier in the pulse and the lower convergence ratio afiys at 20 MA is qualitatively similar to those at 1-3 MA, in
the current at peak power. Prior to peak x-ray power, weall aspects. The observations in common suggest that the
observe an instability with am=0 sausage character grow- missing observations could be confirmed with appropriate
ing to large amplitude in the compressed-pinch on axis. Justxperiments. The observations in Table IV also apply to the
after peak x-ray power, at a tighter compression, the pinclouter array of nested array configurations. Investigations of
also exhibits a mildn=1 kink instability. the interaction of outer and inner arrays and the ablation rate
These results indicate that two-dimensioriedz) thin-  and implosion dynamics of the inner array are in progress,
shell implosion models assuming wire ablation and wire-to-guided by our new understanding of single-array dynamics.
wire merger into a shell on a rapid time scale compared tdrefer to Secs. Ill and IV for modeling of the data with 2D-
wire acceleration are incorrect or at least incomplete whetMHD simulations and the Lebedev rocket ablation model
applied to massivé>2 mg/cm, single, tungsten wire ar- [32].
rays. Wire merger does not occur rapidly. When the shell
d_oes begin to implode, simulatiqns need to considgr the pos- 1. PHASE [1-IIl TRANSITION: 2D-MHD MODELING
sible 3D nature of the perturbations generated during a long OF WIRE-ARRAY ABLATION
wire ablation period25,26,50,51,97-9%s initiation for fur-
ther growth of instabilities and the effect of a long ablation In Secs. Il D and Il E(Table Il), emission and electrical
phase on the effective width of the imploding shell, as welldiagnostics determined the initial time of wire-array accel-
as the impact of trailing mass on the rate of transfer of cureration. In this section, comparisons of the acceleration times
rent to the axis of the system. These results also suggest thate made with the Alegra-3D-MHD cod80] shown in Fig.
2D(r-z) models of nested wire array behavj@B,48 may be  14(a) and the Gorgon-3D-MHD codg81,85 shown in Figs.
incomplete and that the possible impact of discrete wire bel4(b) and 14c) to validate predicted wire ablation rates.
havior of both the outer and inner arrays should be evaluateBoth simulations were run in 2®,y) coordinates. These
[29]. simulations show the sensitivity of the predicted core burn-
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|/} /]| sity, temperature, and velocity profiles are initialized via
11 : : : : , : mapping of the variables from 1radial) cold-start wire
(a) initiation simulations[29,80. The 1D cold-start simulations
10 '\I\\ are conducted on a highly resolvéd0.02 um cell size,
— _|thin-shellT ™~ g"~] ROS radial, Eulerian grid. A single wire is driven by the 50-ns-
E 9 NN 1 long current prepulse during phase I. It is heated, melted, and
% gl ﬁgtﬁ:'g’:gD | eventually vaporized by the prepulse current, forming a core-
3 KA corona plasma structure. After the formation of the core-
3 7l cold-core | corona structure, the 1D simulation is stopped and the rel-
o« cold-core, 5/10- NG\ evant variables mapped to the @Qy) geometry used for the
6L \ 1 r-6 simulations.
20 mm ; These “cold-start” initiation simulations give a hot, preex-
5 . : : : : ‘ panded core with a temperature of 1.2 eV for the 20-mm
11 array. When these simulations are used to initialize, in turn, a

highly resolved(~1 um cell size near the wi)e2D simula-
tion of the array implosion, the wire cores rapidly overheat
and explode, and the trajectory of the peak density is only
slightly delayed from that of a thin shell, accelerating at
~0.44741,g [shown in Fig. 14a) as the “hot-core” model,

| 2D G-MHD

Radius (mm)
[}

- 1D G-MHD dashed green lineWe use peak density since this is close to
71 the position of peak radiation emission. This trajectory
would be difficult to distinguish from a thin-shell experimen-
6l tally and is more than 10-15 ns earlier than the optical streak
20 mm or effective current position begins to move from the initial
5 . ‘ array position.
29 : i : : : Similar “cold-start” calculations were performed for the
- (c) 40-mm array with the earliest implosion[r,

20 & =(0.44-0.4774ag. The predicted acceleration time was
P 1 0.36r5¢ €arlier than experiment. Predicted acceleration
E 18 2p G-MHD 5 | times for the 12-mm array with the latest implosipn,

% 6L ] =(0.68-0.7474,g Were 0.45y,, a larger discrepancy. We
2 | 1D G-MHD — | can readily conclude that “cold-start” simulations have a
E 14} | much higher wire ablation rate than we observe experimen-
- 1 tally, for all the arrays. There appears to be a progressively
12+ 1 larger deviation between the experimental results for accel-
40 mm 4 1 eration time and the cold-start prediction for the heavier ar-
1003 0'4 0'5 0|6 0'7 08“0'9 1 rays with larger diameter wires. Deviation for the 40-mm
) ’ ’ e ’ ’ array (7.7 um wires was 28%, for the 20-mm arrafi1.5
stag um wire§ 30%, and for the 12-mm arraj23.4 um wires
64%.

FIG. 14. (Color) Wire array trajectory measurements compared
with 2D-MHD models of wire array ablation faia) Alegra simu-
lations (hot core, cold core, and cold core plug10 model$ and

Single-wire experiments performed @i/ dt's relevant to
the current prepulse show termination of resistive heating
20-mm array data from Fig.(8), (b) Gorgon simulations and f’ifter _29 ns when only 13%_21% (.)f the vaporization energy
20-mm array data from Fig.(8), and(c) Gorgon simulations and IS delivered(for 11.5um-diam W wires used for the 20-mm
40-mm array data from Fig.(d). array), estimated to bring the material to the 0.32 eV melt

temperature, assuming the energy was deposited uniformly

through and the starting time of acceleration to the initialin the wires[69]. For the case of the 7.am wire used for
core and corona conditions assumed and to the equation-alke 40-mm array, the single-wire experimep&®] show a
state(EOS and conductivity models. 23-ns-long resistive phase depositing 21%—28% of the en-

The Alegra-MHD code is a three-dimensional, arbitraryergy required to vaporize the wire. At this point, the cores are
Lagrangian-Eulerian, finite-element code developed at Sara resistive, inhomogeneous solid-liquid-vapor mixture
dia for radiation-MHD modeling. The-6 simulations are [67,101].
Eulerian and conducted on a 2By), Cartesian grid with Discrepancies between single-wire experiments and cold-
~1.0 um resolution near the wire. A single wire from the start simulations could be caused by uncertainties in the
array is modeled in a periodic wedge. The relevant physicsreatment of wire resistivity and EOS for possible 3D condi-
included is one-temperature resistive MHD, with thermaltions with mixed phases and boili§7,101. This wire is at
conduction and single group radiation diffusion. The EOSor near solid density and the melt transition and is perhaps
model is Kerley-Sesame and the conductivity model is Leenot correctly treated as completely melted tungsten metal.
More-Desjarlais(LMD) [100]. The wire-core—corona den- Mixed-phase material may have both higher resistivity and
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higher specific heat capacity than uniformly melted tungsteriactor of 6 in wire sizg this may indicate that for a resistive
[102-104. Both of these changes would reduce the ablatiorenough core, the 2D G-MHD simulations capture enough of
rate of the wire in the simulations compared to the experithe physics to be relevant and that the trajectories may not
ment. sensitively depend on the precise details of the models. Also,
To estimate the effect of a colder, more resistive core othe model may not necessarily capture the particular reasons
slower heating because of coronal contaminant plasmgat the core-corona structure or material conditions so dras-
shielding[37,105,10 other Alegra simulations reduced the tically reduce core ablation rates in experiments. In this 2D-
cold-start core temperature by a factor of 10, to 0.125 eV up model, when the core is highly resistive, the trajecto-

\f/vithoulf]. pre_explan_sior‘]‘. Tge tra,j,ecto(rjy IOf the peak dl.%”Sityries are insensitive to the initial core temperature and only
rom this simulation[“cold-core” model, Fig. 147), soli vary by at most 5 ns.

green ling is delayed by about 8 ns from the “hot-core” case, In the Alegra-MHD treatment, a slower core heating was

accelerating at 0.53,4 This is about as early as the effec- o . S
tive current position starts to move, but not as late as th reated by a reductpn n m"?“.e”a' conductwﬂy PY a factor of
: 0. Both a change in specific heat and resistivity could be
optical streaks. . . . ) : .
consistent with the change in material properties resulting

It may be that higher core resistivity is required to further . :
delay the ablation and beginning of the implosion for theffom the mixed-phase nature of the wire produced by the

20-mm Alegra simulations. A simulation with an initial tem- Current prepulse initiatior]67,101. Recent work on the
perature of 0.125 eV and with a factor of 10 reduction inSimulation of flyer plate§102,103 required quantum mo-
wire conductivityo is also shown in Fig. 14). These simu- lecular dynamic correction§104] to the LMD model to
lations show a further reduction of core heating and a furtheProperly treat the solid-liquid phase transition.

delay in array acceleration until about 07§, The significance of these simulations is that the core must

Three-dimensional, axially nonuniform ablation with a be highly resistive and/or heat inefficiently to permit as long
h|gh frequency[25,26,32,3¢ m|ght also lower the average a life as we infer from the trajectory measurements. It ap-
ablation rate by more than a factor e from that obtained Pears that wire resistivity and/or EOS models need to be
in 2D [80], further delaying the start of the trajectory from improved to match the initial state of the wires produced
that of this 2D simulation, possibly in improved agreementduring the initiation phasél). These states may drastically
with the start of the 0ptica| streak. A|egra simulations mayrEduce Wire-heating rates and dominate the further evolution
also be overestimating the wire core ablation rate, even i®f the wire-array behavior. More work on core and corona
2D, because of assumptions used in initializing the coreconditions during wire initiation is indicated in order to ar-
corona structure or because of limitations in the treatment ofive at these resistive conditions from a cold start. Beyond
heat flow to the core. Discrepancies between the wire abldhis conclusion, the trajectory data are not sufficient to con-
tion simulations and experiment might also be caused bytrain further either the choice of the various properties used
desorption and ionization of surface and bulk contaminant§? the simulations(EOS or resistivities or the actual con-
from the wire[37,105,108 figurations of the wire core and corofi@mperatures, densi-

The Gorgon-MHD simulation is initialized assuming that ties, diameters, or constituent8oth the wire properties and
the core has already expanded to form a cold, nonionize@0re-corona configuration appear to impact the ablation rate.
resistive vapor and uses a perfect-gas-based EOS. RadiationAdditional experimental data, such as x-ray backlighting
is treated by a probability of escape model. Simulations of50,51, are required to validate the models by comparing
Single wires were run in za,y) to resolve initial core ex- measured core sizes. In addition, pulsed gas desorption mea-
pansion and ablation rates. These simulations were subsgdrements are recommended to establish contaminant inven-
quently used to initialize 1D radial simulations of a single {ories to evaluate their possible importance. Since the trajec-
wire. These simulations show decreased core heating and{@y data exhibit 3D effectedifferent diagnostic techniques
delayed core ablation, about the extent of the reduced codlave different starting times, different velocities, and pro-
ductivity case in Alegra-MHD. The low ionization state of duce trajectories which cross over each othéb models
the core in this model reduces resistivity compared to thénay ultimately be inadequate to model ablation rates.
standard LMD case.

~An initial core temperature of 0.125 eV was c_hosen 0 |/ PHASES Il AND Ill. MODELING OF ABLATION,
give a_best fit o_f the implosion o_f the peak density to the IMPLOSION, AND ACCRETION OF INJECTED
implosion start time from the optical streak for the 20-mm MASS
experimentFig. 14b), red lined. With this value the code
also reproduces the start of the implosion for the 40-mm We compare the trajectory implied by the emission front,
experimen{G-MHD, red lines, Fig. 1&)], as well as data or the current sheath, and the power increase during implo-
from aluminum Magpie arrayg32,81). Subsequently, these sion with the phenomenological rocket ablation and snow-
same simulations predicted a 074, acceleration time for plow accretion model due to Lebedet al. [32]. We also
the 12-mmZ arrays, prior to the experiment, in quite reason-compare the pinch power increase during the implosion
able agreement with the data. phase(data discussed in Sec. I)vith a 1D MHD simula-

As surprising as this ige.g., one adjustable parameter, thetion. The MHD models suggest that current convection is an
core temperature, to fit both aluminum and tungsten trajecimportant factor in Ohmic heating of the material inside the
tory results at about the same current per wire, but across aray. The 1D-MHD simulation is unable to generate powers
factor of 20—300 in mass, 2.5 in pulse length, and up to anuch above 1 TW, however, while the measured powers are
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1-5 TW prior to stagnation. These simulations and models B. Rocket model fitting of emission and current trajectory

show that inelastic snowplow accretion of the preinjected data

mass potentially qontribgtes significantly to the power in- In the rocket ablation model, the ablation velocity was a
crease during the |mpI05|on run-in. A phehomenologlca'l ENtonstant parameter chosen to relate the ablation rate to the
ergy balance model is presented to explain the expansion ¢ .o on the array. A choice of, also sets the mass profile
the precursor radius as related to increasing absorption Fside the array. The density parofile is given by the expres-

energy as the power increases during implo$ia]. sion[32,91]
A. Rocket ablation model S(r1) = Lo [I <t ) R—r)r ©
L] - 2 1 .
Lacking a predictive method for calculating wire ablation g’ VaRr Va

rat.es in 3D we turn toward phenomenological modeling: Ab“I'his expression uses an ablation rate calculated at a retarded
lation rates have been estimated by two other technlquezﬁme given byt—(R—r)/V,. Here, the density profile is al-
as 1

The Lebedev rocket modeRM) [32] assumes that the abla- lowed to move as the array continues imploding. The rocket

}Logn(ariﬁegi:owlt length of the wires is given by the follow- model aII_ows one to assume _that some of the initial array
: mass trails behind the implosion front and so can approxi-
dMupjate M0|§ mate 3D eﬁec?s on the array dynam|[&2]. This expression
== , (3 neglects possible acceleration of the prefill internal to the
dt 47RV, ; ; : )
wire array via current convection with the ablated plasma.
where ug is the permeability of free spack, the array cur-  The trajectory is found by integrating the snowplow equa-
rent,R the array radius, and, a constant precursor injection tions of motion[19,32, transformed to the moving frame of
velocity. This model is an expression of momentum balancethe snowplow. A portion of the mass is ablated, at a rate
assuming that thd X B force is transmitted entirely to the given by Eq.(3), with a prefill profile given by Eq(6).
corona, which is continuously ablated from the wire cores, This is obviously a highly simplified model of the actual
and that the cores are stationary. The ablation velocity i®xperimental conditions. The wire array implosion is more
assumed to remain constant. This expression does not explicomplex than a simple 1D ablation front and 1D implosion
itly have a dependence of the ablation rate on wire numbeirajectory model can capture. The implosion trajectory data
Wire number variation may cause a changeMinin this  described in Sec. Il showed a variety of implosion trajecto-
model[81,91. ries with different techniques. We found that the trajectories
A similar scaling for the ablation rate was found from a from visible emission, x-ray emission, and current had some-
numerical fit to 2D-MHD simulations of Sasorov, assumingwhat different initial acceleration times and very different
the tungsten plasma generation rate can be modeled as tkelocities of approach, arrival times on the axis, and conver-
ablation of a uniform tungsten shell or ling35]: gences. The evidence for a trailing mass profile from the
18 XRPHC and shadowgraphy at the outer edge of the array
AMabiate [ng cmins]=0 47T| [MA] (4) requires a 3D explanation. Trailing mass and current data
dt T RO8[em]” from lower current arrays also implied different implosion

We note that Eqs(3) and(4) scale similarly with current and velocities along the length of the array, initiated by nonuni-

array radius. The two formulas give equal ablation rates a form axial ablation. Nonuniform axial ablation along the
sum>i/ng : 9 q %ength of the wire array corresponds to a variation of ablation

velocity along the length of the wire, in the rocket model.
| [MA])°2 The actual array might be thought of as having a distribution
R ol ) (5)  of plasma ablation and injection velocities and a distribution

[mm] . . "

of implosion velocities along the length of the array.
in Eqg. (3). This gives a range of ablation velocities of The rocket model, as used in this paper, is a three-
7-15 cmjus forR~4-10 mm and ~1-20 MA. This range parameter fit. We vary the time of acceleration, the ablation
shows thatv, may be a weak function of wire array condi- velocity V,, and the fraction of mass left behind at the array
tions[81]. Given this formula, ablation velocities would be edge or trailing behind the implosion front. This is a nonu-
8.3 cm/us for Magpie(1 MA, R=8 mm), 12.3 cmjus for  nique set of parameters that can vary over some range. We
the 40-mmZ array, 14.2 cmis for the 20-mnZ array, and  evaluated the goodness of fit for these three parameters by
15.4 cm/us for the 12-mn¥ array. This is also similar to the comparing to three independent measurements from the
weak dependence of ablation velocity derived in a recen0-mm array data described in Sec. Il.
study of the relevance of E¢3) to wire-array ablation rates The model parameters are chosen to match the trajectory
from 2D-MHD simulationg 81]. Both 2D simulations ablate as follows. We match the starting time of the acceleration to
all the wire-array mass. The velocity of the precursor flowthe radial optical streate.g.,~0.60rg,J. We match the end-
measured by end-on laser probing on Magpie was 15u@n/ ing radius and time of the acceleration to the peak of the
[32], nearly a factor of 2 higher than the velocity from Eq. axial XRPHC, when the shell merges with precursor
(5). Nonuniform ablation may be equivalent to a higher ef-(~1.5 mm at 0.96,J. We chose ablation velocities such
fective ablation velocity(a lower average ablation ratén  that the distribution of densityEq. (6)] and the implosion
this model. trajectory produce an increase of the power during implosion

V, [em/us] = 12.f<
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to match (if possible the measured power. The calculated |/} ]} 1V
power is assumed to be entirely from an inelastic snowplow . . :
accretion of the injected mag82]. This last requirement 10 (a)_
greatly narrows the range of ablation velocities required to — ROS
match the datdsee Sec. IV D i
The rocket model is used to obtain estimates for the mass 8 | thin-shell XRPHC
that corresponds to the various trajectory measurentérgs L edge
involved masg By implication, this also gives us the mass
that trails behind or is outside the front corresponding to
those measurements. We do not know from this model how
far outside the trajectory fit the mass could be. The model
assumes an infinitesimally thin current sheath, while the real |
object has a finite sheath width. Simulations of an MRT un- Rocket \

i XRPHC
4t peak

Radius (mm)

stable 2D shell[22,23 with an RDP do show a slightly 2r Model —%
smaller inductancdarger radiug than that associated with a - Rpiston
1D thin-shell model. This 2D trajectory lags minimally be- 0 s s
hind a thin shell during the implosion, until MRT broadens . . .
the distribution very near the axj22,23. These effects are 10
not sufficiently large to allow a 2D shell model to agree with ™
the Z trajectory data, which show significant differences
from 1D or 2D behavior, well away from the axis. 8r
Figure 1%a) compares a rocket model trajectory with the
trajectory data from the emission diagnostics. Ablation ve-
locities of 14+3 cmfs, ablation times 0f~0.67,4 and a
final radius and time of 1.5 mm at 0.8, allowed reason-
able agreement of the rocket model with the emission trajec- Rocket
tory data. The chosen trajectory fits the outside edge of the - Model
array early and the peak of the XRPHC later, as shown in 2l
Fig. 15a) (Ryiston PUrple ling. Ablation velocities in this
range also allowed agreement of inelastic snowplow power
with the measured power increase during the implosion, over %_5 06 07 08 09 1 14
a 20-ns period just prior to stagnatifgee Sec. IV D, purple th
lines in Fig. 17a)]. stag
These ablation times and velocities imply a range of FIG. 15. (Color) (a) Comparison of wire array emission trajec-

.47.%18% of the initial array mass could be ablated andIory measurements corresponding to the brightest implosion front
'nJeCFed asa precursqr for the 20-mm array. In order to hav eak of the radial profile from the axial x-ray pinhole camera
a trajectory accelgratmg as fast as the peak of the XRPHGyrpHC peak from the 20-mm array data from Fig(a] with a
assumed to be driven to the axis by all the measured loafpegey rocket model fit. This trajectory involvess0%—80% of
current, only about 24% 5% of the initial mass could bee jnitial array mass(b) Comparison of wire array inductance
accelerated as a moving piston into the ablated prefill. Avrajectory measurements corresponding to the array §idgeic-
higher mass would have resulted in a slower implosion, notance, radial optical strealROS and XRPHC edge from 20-mm
matching the emission data and not arriving on axis near thgata from Fig. €a)] with a rocket model fit. This trajectory involves
foot of the power pulse. The accretion of mass ahead of this0%-100% of the initial array mass.
piston produces radiatide.g., the shell-like feature in Figs.
8(a) and 8b)]. This trajectory corresponds to the trailing of total). This particular fit provides an upper bound on the
29% +4% of the absolute array mads7+0.2 mg/cm. piston mass and a lower bound on the trailing mass because
Since 47% of the array mass is ablated and injected as i@ assumes that all the current is driving the acceleration of
precursor, only 53% is left at the edge at the start of accelthe emission front. Measurements of the load inductance in-
eration. The piston mag@4% of the total array massor-  dicated that the effective radius of the current lags well be-
responds to 45%=24% /53% of the mass left at the array hind this brightest emission front. This rapidly moving and
edge at the end of the ablation phase. The trailing rf28%  brightest emission front does not in fact carry the entire load
of the total array maggorresponds to 55%29%/53% of  current down to the axis, as shown in the circuit modeling of
the mass at the edge of the array at the end of the ablatioglectrical data presented in Sec. IV C. This is another indi-
period, which appears to arrive on axis only after the arrivalcation of axial inhomogeneity of the implosion. The differ-
of the bright XRPHC front. According to this model, when ence between the radius of the brightest emission and the
this bright front arrives on axis it has assembled 4.2 mg. Theffective radius of the inductance is the best evidence for
trailing current appears to be accelerating the remaining 1.%ailing mass and current.
mg into the mass already assembled on the axis. We also fit a rocket model trajectory as closely as possible
These results may give reasonable estimates of the ablatéal the trajectory of the inductance or current as shown in Fig.
mass prior to the start of accelerati¢about 50% of the 15(b) (red ling. We match the starting time of the accelera-

Radius (mm)

046406-23



CUNEOet al. PHYSICAL REVIEW E 71, 046406(2009

tion to the effective current trajecto(yv0.54rsta€)_ We match TABLE V. Rocket ablation model fits to wire array trajectory
the ending radius and time of the acceleration to the radiugata.

corresponding to the load inductance at peak powet
(2.8+0.4mm at 1.0%). Ablation velocities of Fractions of total masgb)
10-14 cmps, wire array ablation periods of 0.5¢, and ~ Array (Mm)  ta/7gag  Va (cm/us) Ablated Piston  Trailing
an initially ablated mass of 40% +6% match, within experi-
mental error, the trajectory of the currefdown to r(t) 40 0.54-057  27+#3 4145 <3235 >2745
~R/2] and radiation emission data from the array edge 20 0.60 14+3  47+8 <2415 >29%4
(ROS, XRPHG. These fits leave trailing mass of 0%—7% Magpi€' 0.80 15 40 20 40
and therefore encompass most of the array mass. These eﬁ{':burtesy of S. V. Lebedev.

mates are again upper bounds on the mass of the piston and

lower bounds on the trailing mass, because not all the current . . I
is located at the radius of the effective inductance. The Ias‘?reflll during phasell), and 30%-40% of the initial mass

30% of the mass of the arrav appears to come in between t%a”s behind the brightest implosion front. This trailing mass
foot of the power pulse andypeg\i power, and may determmgorresponds to 45%-66% qf the mass left at the edge Of. the
the effective inductance of the mass at ,stagnation array at the end of the ablation phase. The rocket model fit to

The trajectory of the current still lags behind the modeltf}ethpeak of the axi?I )I(RE HhC_Z gitﬁ. il}dicetltest tt?]at fabct)utf:’;g%
trajectory forr(t) <0.5R, even including all the madd=ig. of the array mass lrails benind this front, at the toot of the

. L - . Ise, for both the 20-mm and 40-mm arrays. The
15(b)]. This possibly indicates trailing mass, a thicker currentPOWer puise, 1
sheath, or some mass that leaves the edge of the array affs ert model fit to the ROS, current, and XRPHC array edge

. : ata shows, down tot) ~0.5R-0.25R, the location inside of
0.547,4 The discrepancy could also be explained by a sys- i
tematic error in the inductance unfolds because of currenf/Nich up to 90%-100% of the mass resifEfg. 13b)]. The

loss in the AK gap or convolute later in the pulse, after Inductance trajectories af appear to contain almost all the

initi i ithi 0 -
>0.93r¢15g This is difficult to rule out. The rocket model fits initial wire array mass, within about 10% at peak x-ray
and current trajectory data together imply that no more thaPOWer

of order 10% of the mass can be outside a diameter of about The differences betwgen the rocket_ m_odfal fits.to th? emis-
6 mm at peak power sion and current data illustrate the limitations in trying to

Similar fits to the emission and inductance data Weré)iece together 1D models and various chordally integrated

made for the 40-mm arragnot shown. For the trajectory 2Df mgasure[nﬁntglcj)r gkl)(_)batl igﬂuctanﬁetunfo(ljdsl to un_((jjerstand
of the emission diagnostics[Fig. 7(@], fitting Vv, & fundamentaly 5L object. Theé rocket model provices an

=27+3 cm/us suggests 41%+5% is ablated and irU-ected,iryterpretation of the trajectory data as a distributed implo-

32% +5% is accelerated as a piston, and 28% +3% is trail>'o"n With precursor, main, and trailing implosions. Based on
ing. The trailing mas$28% of the total array masgorre- these fits, we conclude that the emission front observed on

sponds to about 47%=28% /59% of the mass at the edge the ROS shows when the initial implosion onto the precursor

of the array at the end of the ablation phase. Although th refill begins. As observed in experiments on Magpie, this

fraction of mass that trails appears to be about the same |§ely occurs at only some axial locations as the cores are

for the 20-mm array, the absolute trailing mass iS_nonuniformly ablated. The axial XRPHC shows a very rap-

0.6 mg/cm, which corresponds to only 36% +6% of the ab_ldly moving and hotter emission front, accelerating away

solute trailing mass per unit length compared to the 20—mn§rom the fronts implied by the ROS and current data. This

array. The inductance trajectories, even including all thesurface may be the snowplow shock, propagating into the

mass, lag somewhat farther behind the trajectory of the curqblatlon p:jgf|l|[32], or evu_:l(;alnce of the lmpl_olsul)n be_glnnlr;]g
rent than was the case for the 20-mm array. This discrepanc thg:csjcee Ing more rapidly at some axial locations than
is consistent with a larger systematic error in the inductanc Asshmin that the current is constant on the time scale of
unfolds for the 40-mm array, compared to the 20-mm arrayy | 9 i timate the ol leari

To match Magpie emission trajectories with the moving € plasma motion, we can estimate Ihe plasma clearing or
prefill model[91], 40% of the initial array mass is injected, compression time between radiR; andR; by [89]
20% is in the piston, and 40% trails. The trailing mé&$8% . { R
of the initial array magscorresponds to 66% of the mass at Tc= \/jer \/IN=" (7, (7)
the array edgé€=40% /6099 at the end of the wire ablation 2 Ry

period trails behind the main implosion front, based on emisyhere 7, is the Alfvén transit time for the initial radiug;:
sion data. The longer ablation period of Magpie arrays com-

pared toZ arrays(~0.87g,4 VS ~0.557,J correlates with a R 316R [cm]Vm, [mg/cm]
larger fraction of trailing mas&t0% vs 30%, but within the Talns]="=
o . Va I [MA]
error of the fitting technique, these are about the same.
Table V summarizes the rocket model fits for arraysZzon B Ri2 [cm?]VAR, [atoms/cm]
and Magpie. Based on the average of these fits to three dif- - 4.3&71 [MA] ' (8)

ferent arrays on two accelerators, about 40%-60% of the
initial array mass is ablated in pha#ié), a piston mass of In Eq. (8), V, is the Alfvén velocity,m, is the plasma mass
20%—-30% of the initial mass accelerates into this ablategber unit length,n; is the ion densityA is the atomic mass
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number, and is the current at that radius. Given ratios of I |/} 1/} 1V

R /R;~ 1.3-6 relevant to experimentgg~ (0.7—1.27a. 3.0 ; ,
The shadowgraphy data of Fig.(bj (40-mm array thin-s|hell (10:1|) ?I

showed mass trailing for 20 ns in the outer 5 mm near the . | emission (10:1) i

array edge, prior to clearing. Substitutirig=2.0 cm,R; < 25} ¢ : | pinch |

< M 3 inductance (4:1)

=1.5cm,A=184,1~15 MA, and n,~10*-10 cm™ in =

Egs.(7) and(8), we find 7-=0.69r,=6-18 ns. lon densities g 2.0}

of >10"7cm? (or n,>10¥cm™ for Z~10 or my £

>0.5 mg/cm, about 24% of the initial array masan there- g 15}

fore effectively impede the rate of current transfer toward the o

axis for >20 ns near the edge of the array, Rt=2.0 cm 5

here. This is about the same as the 27 % +5% trailing mass at § 1.0

the foot of the power pulse estimated from rocket model c

trajectory fitting, summarized in Table V. 8 05}V
This trailing mass at the edge of the array, once com- conv.

pressed, may produce the wings on the density profile at 3

stagnation observed with the radial XRPHC. Recall in Fig. 0.0 S —

11(a) (20-mm array that a compression time scale of 9 ns -0.5 0 0.5 1 1.5

was observed to bring the mass located about 3 mm from the V‘stag

axis in the wings of the profile, to within a 0.5 mm radius.

SubstitutingR;=0.3 cm,R;=0.05 cm, and ~ 15 MA at n; FIG. 16. (Color Comparison of measured convolute voltages

=10"-2x 10 cm™3 (my~0.9—-1.8 mg/cm or about 15%— for the 20-mm array[from Fig. 5b), shot 818 with models of
30% of the initial array mass distributed in the wihgsEqs.  convolute voltages for three cases: thin shell at a convergence of
(7) and (8), we find 7c=1.187,=7-10 ns. This estimate is 10:1 (blue line, emission at a convergence ratio of 10(furple
about the same as the 29% +4% trailing mass at the foot dine), and trajectory of inductance at a convergence of 4t
the power pulse estimated from rocket model trajectory fitJine). The load impedance is consistent with a smaller convergence
ting, summarized in Table V. lon densities fL0Y° cm3in  ©of the current.
the wings of the mass density profile at stagnation can effec- _ _ )
tively impede current transfer to the axis or hold up currentgenerate predicted machine electrical datzitages and cur-
at a larger radius on &5 ns time scale. rentg with various assumptions for the trajectory of the cur-
This time scale is relevant to pinch thermalization rateg€nt. The equivalent circuit is shown in Appendix [Kig.
because it is of order or greater than the typical pinch poweg4(b)] [54]. Within the confines of this model, no choice of
rise times of 3-6 ns. Trailing ion densities as low asablation velocity, starting and ending radii, and time for ac-
108 cm® near the edge of the array increase to gceleration can simultanequsly fit t_he_ total current, I0'c_1d cur-
X 10M8-1.6x 10'° cm 3~ (R//Ry)? once compressed near the rént, convolute voltage, either emission or current trajectory,
axis with a convergence ratio of 3-4. We showed that den@nd power increase during the implosion. Again, this is a
sities in this range are clearly able to influence the rate ofundamental problem of using 1D models to interpret 2D
transport of current to the pinch and therefore the final pinctfliagnostic views of a 3D object. _
compression and thermalization rates. Rapid transfer of cur- 1h€ convolute data from Fig. 5 are compared with the
rent to the axis and rapid compression of the pinch requireBredicted voltages in Fig. 16. The measured peak convolute
lower ion densities and a larger magnetic fighigher Alfvén ~ Voltage of the 20-mm array was 2.0+0.1 MV. A thin-shell
velocity). A larger magnetic field requires a smaller effective trajectory modelblue ling assumes that the mass and cur-
radius of the current, which implies we should strive to limit €Nt converge simultaneously to a 10:1 convergence ratio.
mass profiles with trailing wings and trailing current. This model ramps up faster than the data to a peak of 2.6
The fraction of trailing mass may depend on the scaldVV- A trajectory matching the emission dafpurple line
length and amplitude of the nonuniform ablation, on thefom Fig. 15a)], starting att/74,=0.60 and rapidly con-
length of the ablation period, or on the time scale for accelVerding to a 10:1 ratio at the moment the peak of the XR-
eration[81]. Direct measurements of the quantity and spatia’HC shell strikes the precursor, ramps up very quickly to a
distribution of trailing mass will determine how the nonuni- P2k of 2.7 MV (purple line, Fig. 16 Clearly all of the
form ablation and trailing mass actually limits the compres-current does not follow a trajectory with this high Bpand
sion of the mass and the convergence of the current. X-ra§fla/dt. A trajectory matching that of the load inductance
radiography with bent-crystal imaging is one possibletnfold [red line, Figs. €a) and 15b)] converging to a 4:1
method[50,51]. ratio matches the peak voltage of 2 Mk/éd line, Fig. 16.
We note that the voltage from the inductance model does
not entirely agree with the measured convolute voltage
C. Equivalent circuit modeling of electrical data throughout the pulse. These circuit models incorporate a

A trajectory model including the rocket model and the Voltage and current-dependent impedance mdédl to
thin-shell model as limits was coupled to an equivalent cir-2pproximate the current loss in the post-hole convolute. The
cuit model for theZ acceleratof41]. This allowed us to  impedanceZeon(t)=Veont)/yI5(t) = I7(t) wherel, is the up-
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]| /]| We consider two main sources of energy for radiation during
e the implosion run-in phasé€lll): inelastic collisions and

10"} ! Ohmic heating. The models indicate that both together could

¢ 10 cm/us account for the power radiated during the implosion phase.

® 14 cm/us Inelastic collisions dominate Ohmic heating for these

models.

The MHD models for wire ablation, described in Sec. lll,
show a magnetic Reynolds numb®g~ 1 near the wires and
large R,,> 10 in the bulk of the precursor plasma inside the
array. SmallR,, near the wires limits current convection in-
side the array. Largd, in the bulk plasma implies that
whatever field does convect inside the array with the precur-
sor would be frozen in. The 2D-MHD models show convec-
tion of up to 30%—-40% of the total current inside the array
diameter with the precursor. In these simulations, the ablated

10t W 20 cm/us

1 012 |
P
COMPOSITE

Radial Soft X-ray Power (Watts)
=

10'"° plasma continues to heat and accelerate inside the array, be-

T L I — — cause of the entrained current. The acceleration of the pre-
O£ (b) cursor plasma results in a much smaller velocity difference
neE ol | ; .
S@ | precursor model % between the velocity of the piston and the ablated plasma
o= o (Vp—Va), which greatly reduces the inelastic snowplow
o 1 + * (%) 1
o s . . power.

T 0 | PR Resistive heating of the wire coronal material and the

0.3 0.5 0.7 0.9 1.1 1.3 mass inside the array therefore produces 95% of the radiated

power in the Gorgon-MHD modéPs_y1p, green line, Fig.
17(a)], in reasonable agreement with the data<dl.77.g

FIG. 17. (Color) (a) Comparison of a composite pinch power Ohmic heating of the corona or precursor plasma may be
history during the implosion pha$@;omposite black line, from Fig.  responsible for the~0.5 TW radiation of the array during
6(b)] with a 1D-resistive MHD mode(Pg_ynp, green ling, and a  phase(ll), prior to array motion. Ohmic heating produces a
snowplow accretion moddlPsp, purple lines, from trajectory of maximum of~0.5 to 1 TW of radiated power from the array
Fig. 15a)]. Triangles correspond to an ablation velocity of petween 0,7stag and 1_0—Stag during phase(lll), with this
10 cm/us, circles to 14 cmys, and squares to 20 cmé. (b) model.
Comparison of the measured increase in precursor diarfigtak The 0.5-1 TW of Ohmic deposition is only about 20% of
circles, from Fig. €c)] with a simple precursor energetics model the total power radiated during the pinch run-in. The bulk of
(orange ling. The peak of the radial profile of the axial x-ray pin- the power may result from inelastic collisions of the moving
ho!e camera radial profile peak i§ shown in red circles, rocket mOdebiston with the injected precursor mass. The snowplow ac-
trajectory shown with a purple line. cretion mode[19,32 [Psp, purple lines, Fig. 1(&)] assumes

that the power is generated from inelastic collisions between

stream or accelerator current anés the downstream or load the imploding pistor(velocity V,) and precursor with mass
current, andse=1,=11. Zeonlt) was held fixed at 0.2) to  density profilep(r,t) (transformed to the moving frame of
match the convolute current loss at peak current. The dat@he precursor
however, imply that a time-dependent flow impedance is re-
quired to model the convolute loss throughout the entire 1dm(dr
pulse[102,103. As discussed in Sec. Il G, sources of cur- PsH(t) = EE(& -
rent loss in parallel with the pinch at the convolute and in

the AK gap at the base of the pinch need to be modelegyhere power is generateddt/dt>V, and the mass density
properly in order to arrive at the correct effective conver-profile p(r ,t) is generated via the constant ablation velocity
gence ratio of the current. AK gap loss at the base of the; [Eq. (6)].
pinch was also neglected. In addition to a time-dependent Three different snowplow cases are compared with the
convolute impgdance, improved modeling of the electricalneasured power in Fig. 1d). The purple lines correspond to
data may require a model of the current loss at the base fe rocket model fit to the emission trajectory data shown in
the pinch. Fig. 15a) and discussed in Sec. IV B. The three curves cor-
respond to different ablation velocities. Ablation velocities of
14+3 cm/us produce a reasonable match to the measured
power with the inelastic collision model over the 20-ns pe-
Several different models for the power increase duringiod leading up to the stagnation time.
implosion are shown in Fig. 17. The composite pinch power The rocket model has been modified from the previous
curve, discussed in Sec. Il F, is plotted in Fig(d7(black treatmen{32] to allow the ablated prefill mass to redistribute
line). This curve is obtained by joining the silicon diode dataat a constant initial velocity, while the array implodexL].
(early) with the XRD/bolometer datélater) at t=0.85r,4 In the previous treatment, the prefill profile was fixed at the

stag

2 1
Va) “Ep(r,t)(vp—vaﬁ 9

D. Pinch power increase during the implosion run-in
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initial time of array motior{the retarded time in Eq6) was  development is to determine the current distribution inside
given byt,—(R-r)/V,, with t, being the time acceleration the array, as a test of the MHD predictions.

starts[32]]. Allowing motion provides an increasing density ~ The pinch power is the most highly integrated experimen-
ramp toward the axi$91]. Prefill motion was required for tal measurement made on pinches and as such depends on
generating inelastic powers that agreed with the measuregany factors. The pinch power is therefore likely to be the
power for the 40-mm array. Ablation velocities of most difficult measurement to model. The mechanisms for
27+3 cmjus produce a reasonable match of the inelastiGhe pinch power ramp up during the implosion phase need to
collision model with the measured power over the 20-ns pepe determined and models further developed. Improved pre-
riod leading up to the stagnation time, for the 40-mm-diamgjictive models are important because we might be able to

arr%/]. f1h . | bcontrol this phase of the implosion in such a way as to pro-
e ramp up of the power as stagnation nears can only b, e radiation pulse shapes appropriate for ICF applications.
reproduced, if inelastic collisions are assumed to dominat

by a density profile that peaks towards the axis and for Zisome progress in this direction has been repofBad

particular narrow range of ablation velocity. Ablation veloci- _
ties of <12 cm/us (<19 cm/us) do not produce a ramped E. Precursor expansion model

density profile for the 20-mn40-mm) array, hence the fall- Figure 17b) compares the precursor radius with a phe-

off in power for the 10 cms velocity in Fig. 17a). Assum- g menglogical model. We observe the precursor radius be-

ing that the power results entirely from inelastic collisions, .; : ; ;
) . . gins to expand~0.757, [Fig. 6(c)]. As discussed previ-
one can invert Eq(9) using the measured power, the piston ously [32], the equilibrium precursor diameter may be a

velocity from the trajectory fit in Fig. 1®), and the ablation S
velocity, to determine the density profile encountered by thebalance bet\_/veen _the thermal pressure anql th_e Kinetic pres-
. d X ) : . g Sure of the incoming ablated mass. The kinetic pressure of
imploding piston, as a function of radius. This profile is self-

consistent with that generated from K@), for velocities in the plasma flow, arriving on the surface of the precursor, is

the range of 12—-17 cnu/s, and ramps up towards the axis. V, dMupjace

The requirement that the power agree with that generated kin = —
. . S . . 27R, dt

from inelastic collisions provides strong constraints on the P

fitting parameters for the rocket ablation and snowplow mOdwhereVa is the ablation velocityR, the precursor equilib-

els. The peaking of the density towards the axis may contribrium radius, andimy, ../ dt is the mass ablation rate per unit
ute to snowplow stabilization of wire array implosions |ength. The thermal pressure in the precursor pinch balances
[21,32,91-94 It is interesting to note the similarity of Eq. this kinetic pressure:

(6) to analytic estimates by Hammet al.[21] and Douglas _

et al.[94] of the mass density required to tamp the growth of Pin=(Z+ DnT. (11
MR(;rhtr%éhhee:grﬁgr;egg\?vg:r?:igﬁf.be increased by axial nonuni_Equation(ll) can be reyvritten through the total thermal en-
formities in the plasma density or curre(@D effects or ergy E of the precursor:

resistivities higher than Spitzer. If there is actually entrained 3_

current in the experiments, collisional effe¢t7] not in- E= §(Z+ DR, (12)
cluded in MHD codes might reduce the precursor velocity

near the axis, increasing the contribution of the inelastiGyhere¢ is the pinch lengthp; the precursor ion density, and
power towards the limit of the constaw-snowplow model. T the precursor temperature. Substituting Etp) into Eq.

Also, analytic work[ 108,109 indicates thaR,~1 near the  (11) gives the following expression for the thermal pressure:
cores, which could limit both current convection inside the

array and acceleration of the injected plasma. MHD codes 2 E
could therefore overestimate the current convecting inward Pin= 3R
from the region near the wires and therefore overestimate the P
plasma acceleration internal to the array. More work is reEquating the kinetic pressufEg. (10)] and the thermal pres-
quired. sure[Eq. (13)] we find the following expression for the equi-

In conclusion, it is reasonable to suppose that some comibrium radius of the precursor:
bination of power generated by Ohmic heatifig5-1 TW
and inelastic collisiongup to 4-5 TW, possibly including R = 4 E (14)
3D nonuniformities, can account for the 1-5 TW of power P73 dMipae
radiated during the implosion phagéll). Other heating €VaT
mechanisms may exist based on 3D effects producing hot
spots or other phenomen88,39. The pessimistic conclu- Before the start of the implosion phadd ), the increase of
sion of a previous work was that the implosion could not bethe thermal energy of the precursor by the accumulation of
represented as a snowplow implosi@®]. Although this is  mass is balanced by the increase of the kinetic pressure, and
probably accurate in the strict 1D sense, the results presentéloe precursor column radius is almost cons{&si. The pre-
in Secs. IVB, IVC, IVD, and IV F, following, indicate that cursor column will absorb some fraction of the snowplow
the snowplow picture is, in fact, helpful for interpreting 2D radiation from the piston during the implosion phase, leading
trajectory and pinch power data. An important area for futurego increase of the thermal energy,

: (10

(13
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dE Also, time is implicitly contained in the choice for the
o F(1-a)Psp, (15 initial array masam,. These parametersy, I, and a char-
acteristic time of the implosionz, are related through a di-
and to a corresponding increase of the equilibrium precursamensionless similarity variabE [19]:

radius: 2
_ ,U«OImT2

4 4 Mo = :
B[ 2 NE 2 Nrpa-wps AmlIRe

(20)

dt 3€VaMe dt 3€VaMe IT will vary for different current pulse shapes and array con-
dt dt figurations. We letr=rgq
(16) Substituting Eq(20) into Eq.(17), we find
Here F(t) ~ (2R,)/ (2mRyston) is @ view factor,Pgp is the f ()= TIK [ 14(t) ) 21)
radiation power from the imploding pistofiFig. 17a), m Tstag\ Im /

purple line with circle$ Rysionis the radius of the imploding ) _ ) o
piston [Fig. 15c), purple lind, and a is the albedo of the whereK=R/[V,7y,4 is the wire array abla’qon similarity pa-
precursor column. The albeds0.88 was adjusted to match 'ameter proposed by Lebedeval.[32], derived by combin-

the measured rate of precursor expansion. Precursor expafld Eds-(3) and (20) in differential form. Lebedewt al.
sion was also observed & 0.80r,, With laser diagnostics suggested that arrays with the same valu&ahight have

on 1-MA Magpie array$26,32, e.g., as acceleration begins. the same deV|at|o_n of wire arrays from thin-shell trajectories
The precursor expansion data and this model provide adg@nd the' same radial redistribution of_ablated mass. The vari-
tional evidence consistent with a rapidly increasing total ra@P€ K 1S <(Vara)/Va, Where (Vaqy is the average array
diated power well above 1 TW, during run-in. implosion velocity. AsK increases, the array motion ap-
proaches a thin-shell limit, with less radial extent of the in-
jected masslarge array velocity, small ablation velocity, and

) ] a large ablation rajg 91].

We noted that wire arrays ahappeared to have a higher  The aplation rate per unit masd, is *IIK/ 7y
ablation rate per unit mass compared to arrays studied 012 /[RmyV,]. Higher values ofl andK and shortefry,gor
Iqwer-current accelerators. We found array implosion_s begi”higher peak drive current, smaller array magsand smaller
ning at 0.5554-0.6751ag COMpared to arrays on Magpie and gpation velocityV, lead to a higher ablation rate per unit
Angara-5-1 accelerators that began movement @87 mass and therefore a shorter absolute time for wire burn-
We also showed that heavier, smaller-diameter arrays acce(hrough. If the array mass is scaled to keep the stagnation
erated later than the larger-diameter, lighter arrays,Zon me constant, them,=R2 andf,,«R. The normalized cur-
These observations can be explained by a higher ablatiopn; \wave form$Egs.(18) and(19)] are higher foZ on both
rate per unit mass for arrays that accelerate earlier in thg,o apsolute and normalized time base: hedaarays ablate

current pulse. This conclusion dc_)es not depend on the mOd?rl\rough at a faster rate than Magpie, even for the same value
used to interpret the mass ablation rates. of TIK/ 7,
stag

. Based on the rocket model, the ablation rate per unit mass g fraction of the total initial array mass that is ablated,
is simply Eq.(3) divided by the initial array mass/lengthy: f,, can be found by integratin(t):

dMypat t 2
‘ dtae |2 &n_(t):fa(t):%f (l—() dt. (22)
Kol¢ (17 Mo Tstag) 0 \ Im

my - 47RV,my’ _ _ _
) o o Integrating Eq.(22), we find for Eq.(18) the following ex-
ThIS eXpreSS|0n ImplICItly contains time In the |0ad current. pression[42,44] for the mass ab|ati0n fraction for the %|n

F. Trajectory scaling

fmn=

Load currents on Magpie can be represented by current pulse, appropriate for Magpie:

ot 3IIK t 4 t 2mt

lem(t) = |mS|n2<__) , (18) fam(t) = —K— - —'Bsin<L + ﬁsin(—w }
21y 8 Tstal 3w Bsta 67 BTsta

wherel,, is the peak current driving the array aglis the _ 3R
time of peak current240 ns for Magpig The Z accelerator = Vur gu(t). (23)
has a faster rate of rise of curre@nd ablation than this g o
function. Load currents foZ can be fit by[15] Lebedevet al. also presented a similar analy§®l], and we

adopt his notation. For Eq19) we find, appropriate foZ,

2 12/ t\2 t\* 3 7

12(t) = L“(—) 3 —<—> , (19) OK| 1/ t 1( t IR

i 2 tm tm faZ(t) =7 2 5.6 = gz(t),

) ) ) 2 | B\ Tsta 7B°\ Teta 2VaTstag

wherel,, is the peak load current arg is the time of peak (24)
current.Z current pulse shapes are well fit with=90.4 ns

for 12-mm-, 20-mm-, and 40-mm-diam arrays, through aboutvhere the variablgg=t,/ 7554 iS introduced to express Egs.

100 ns. (23) and(24) in terms oft/ 74aq
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TABLE VI. Mass ablation rate fitting for Magpie arltungsten arrays. We apply the fitting technique of
Eq. (23) to Magpie tungsten array trajectory data from R¢28,32, and Eq.(24) to Z tungsten trajectory
data to find the product of ablation fractidp and ablation velocity/,.

ta/ Tstag faVa Va
Array il Tstag (NS) ta (N9 B 9(ta/ 7stag (cm/pus) (cm/pus) K
Magpie tungsten array dat®efs.[28,32)?
64 wires 7.4 270 0.78 0.89 0.705 5.8 14.5 0.20
220 (fa=0.9)
32 wires 10.7 230 0.79 1.04 0.516 7.2 18.0 0.19
190 (f,=0.4)
16 wires 16.1 200 0.78 1.2 0.351 8.5 21.3 0.19
165 (f,=0.4)
Z tungsten array data
12-mm 5.57 100.5 0.74 0.90 0.469 7.8 16.6 0.36
74 (f,=0.47)
20-mm 5.17 95.5 0.61 0.94 0.253 6.8 14.5 0.72
58 (fa=0.47
40-mm 4.92 106.6 0.52 0.85 0.192 8.8 21.5 0.87
55 (fa=0.41

4n order to define the stagnation time for Magpie experiments of R28s37] in the same manner as fa@r
experimentgbased on the extrapolated leading edge of the current; see)Fgb8act 40 ns fromrg;,gand

ta. Only the values of,/ 75,5 above are already corrected for this shift.

No optical measurement available. This number is from the electrical measurement of Ti@se.Ill B.
“These fractions are the average of electri@dc. || B and ROS measurements from Table Il and near the
starting times used for the rocket model results in Table V.

Table VI summarizes the analysis of Eg3) as applied to  to the 40-mm array perhaps because of the smaller wire-to-
Magpie tungsten array data from Ref28,32 and Eq.(24)  wire gap[91]. The ablation velocities for the 12-mm and
applied to theZ array data. We measure the time at which the20-mm arrays are approximately equal, perhaps because of
array accelerates from its initial positioty, the array implo- identical wire-to-wire gaps. The ablation velocities Drap-
sion time, 75,4 @and know the variabled andR based on the proach those for the higher wire number Magpie arrays. The
initial setup of the accelerator and wire array. We can thereeffective ablation velocities show small changes over large
fore solve Eqs(23) and (24), with the product of ablation changes in experimental conditions betweeand Magpie
fraction x ablation velocity(=f,V,) as the only unknown. [81].
Using fits to the trajectory and power, discussed in Secs.

IV B-IV D, we estimated that the ablated fractidg was
41%—-47% at the moment of initial acceleration. This was
similar for Magpie arraysf,~40%) [32].

The ablation velocity obtained in this way can be thought
of as giving the average or effective ablation rate along the
length of the wire, taking into account axially nonuniform
ablation. This velocity is not necessarily the actual velocity 8
of the ablated mass. Figure 18 pldfsy,q for tungsten ar- £
rays onZ, versusgz(t) = 2f,V,7g,d (IIR) from Eq. (24). The
data points are plotted at the experimentally obsetyet,q
and at the requirefl,V, to fit the acceleration by the ablation
of a given fractionf, of the initial array mass, giving a
graphical solution to Eq.24). The curves are similar to each

other because the experimental conditions were changed to 0.3 . . . .
keeplI and B roughly constant. 0 02 04 06 08 1
As the wire number increase@vire-to-wire gap de- g,(t)=2f ATLK)
creasep in the Magpie experiments, the required ablation
velocity from a solution to Eq(23) decreasegincreasing FIG. 18. Plot oft/ 7554 VS g7 [EQ. (24)] for Z tungsten arrays.

wire ablation ratg[91,81. In a similar way, ablation veloci- Array mass and radii were changed to keep the measured implosion
ties are smaller for the 12-mm and 20-mm arrays comparetime roughly constantll roughly constant
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increased ablation rate per unit mass compared to those on
Magpie largely because of smallet,, by ~2.5, ablate
through, and begin implosion earligf0.52—0.607g,g. Ar-

rays on Angara-5-1 with a simildf to Magpie (K5~ 0.30

also show a delayed trajectoty-0.80rg,9 [34-36. In this
case, although the stagnation time is similar to thE00 ns

on Z, the ablation rate per unit mass is smaller because of a
smaller array diamete8 mm) by a factor of 1.5-5. The
12-mm-diam array o (K;,~ 0.36) had an ablation rate per
unit mass(c1/[myRV,]) smaller by 46% compared to the
20-mmZ array, and so burned through and accelerated rela-
tively later, approaching the Angara and Magpie results.
These results presented in Table VI are strong evidence in
favor of the hypothesis by Lebedet al. in Ref.[32], con-
cerning scaling of the wire array trajectory with the param-
eterK.

These equations make it apparent that if the rocket abla-
tion model is correct in a global or average sense, there
should be a one-to-one correspondence between measured
values of the ablation timg, and the product,V, We de-
termine the values of ablation velocity required to fit the
experimentally measured ablation times by construction. Di-
rect measurements of the flow velocity of the plasma precur-
sor on Magpie with axial interferometr}32] showed that
V,=15 cm/us, roughly consistent with the above analysis
usingf,~40% and, in turn, possibly consistent with the ob-
served high periodicity of the axially nonuniform ablation
[32].

If V, could be directly measured experimentally, it might
give insight into whether the rocket model is a reasonable
representation of the effective or global ablation rate and, if
so, help to determine the fraction of the array mass ablated

prior to acceleration. Also x-ray backlighting or shadowgra-

FIG. 19. (Colon (a) Mass ablation fraction as a function of time Phy [50,51] could provide direct measurementsfgf Recall
for Z (solid line9 and Magpie array&dotted line$. The value oV, ~ we inferred values of the ablation velocity based on the re-
was adjusted to produce agreement with the measured time of aguirement to provide a density ramp towards the axis, gen-
celeration at the appropriate value of the ablation fraction. Ablatiorerating inelastic power in agreement with the measurement
fractions are noted with horizontal lin€41% for the 40-mm array, (see Sec. IV ) These values of velocit{l4+3 cm/us for
47% for the 20-mm and 12-mm arrays, and 40% for Magpie; seehe 20-mm and 27+3 cnu/s for the 40-mm arrgyare in
Table VI). Magpie curves and acceleration times are shifted earliefeasonable agreement with those from the above analysis.
by 40 ns so that the=0 point is defined in a similar fashion for Djrect measurements &, are critically important to provide
both Z and Magpie.(b) Mass ablation fraction as a function of an independent confirmation of the above model.
normalized time(t/ 759 for Z (solid liney and Magpie arrayéot- Direct experimental measurements of huymight scale
ted lines. The Magpie acceleration and stagnation times from Tableyith experimental conditions such as array geométgius,
VI were decreased by 40 ns in calcu!ating therg,gratio. Magpie array mass, number of wires, wire diameteaccelerator
arrays ablate and burnthrough later in the pulse thaaways. configuration(l, di/dt, current prepulse length and ampli-

Using the results of this analysie.g., the particulaf,V, tude, as well as on wire material or wire alloy properties
andK values found above Fig. 19 plots the mass ablation (such as conductivity, EOS, and other factors possibly seed-
fraction for these six arrays versus tiffféig. 19a)] and ver-  ing the growth of the nonuniform ablatipnvould also be
sus the normalized timﬁ/Tstag Fig. 19b)]. These curves helpful. The ablation velocity apparently strongly controls
were adjusted to pass through the measured ablationtjime the dynamics of the array, but has shown significant varia-
[in Fig. 19@] and the measured/ 7¢i,q[in Fig. 19b)] at the  tions only to wire number in 2D-MHD simulationB81].
relevant ablation fraction by selecting a different valud/gf  Also the source of the initially nonuniform ablation is un-
for each curvesee Table V). known. If V, could be decreased or, equivalentlyf ifcould

The normalized and absolute ablation times appear to dése increased, higher values & would result, burning
crease inversely with the ablation paramekéer e.g., the through the array at an earlier fraction of the stagnation time,
higher K, the earlier in the current pulse the array beginspossibly resulting in a reduction of trailing mass.
implosion. Arrays on MagpiéK,, ~0.20 start to implode at Presently, lacking any obvious experimental control over
(0.76-0.8274154 Z arrays (Kyp~0.72,K40~0.87 have an either the product,V,, f,, or V, these equations still give

046406-30



SCALING OF TUNGSTEN-WIRE-ARRAYZ-... PHYSICAL REVIEW E 71, 046406(2005

T

50 . . saw in Sec. IV C that the inductance trajectory still lagged
behind the rocket model and the measured edge of the mass
distribution with the ROS and XRPHC, including all the
mass[Fig. 15b)].

The time at which the current reaches peak velocity in
both cases is 3—6 ns later than the observed time of merger of
the peak of the radial x-ray profilexial view with XRPHQ
with the precursor and just prior to the stagnation times of
the arrays. For the 20-mm array, the velocity of the current
peaks at —0.4+1.7 ns prior tay,, While the peak of the
radial x-ray profile merges with the precursor at -3.8+1.9 ns
prior t0 74,4 For the 40-mm array, the velocity peaks at
—2.6+0.9 ns prior torg,, While the peak of the radial x-ray
profile merges with the precursor at —8.6 ns priorrg,

After this time, the rate of pinch current compression de-
creases, perhaps because of the stagnation pressure increase
as most of the mass is compressed and heated on axis or
because of the onset of instabilities which spread the sheath.
stag The effective velocity of the current compression at peak
pinch power is always lower than and later than the peak

velocity of the current.

40| 2

30

20

101

Current Velocity (cm/us)

FIG. 20. (Color) Comparison of the effective velocity of current

jortdotted li ith th lized | lid . . . .
compressioridotted line wi e normalized power pulsésoli These observations are further evidence consistent with

lines) for the 40-mm(blue, shot 84§ 20-mm(green, shot 818and ; .. )
12-mm-diam(red, shot 93 arrays. We observe a later acceleration the hypc_)the5|s th_at the coII|S|Qn 9f the shell with the precur-
sor begins the pinch thermalization pha$¢). Recall that

time for smaller radius arrays. Faster initial acceleration of the cur= h -
rent and a longer time between peak velocity of the current andV€ chose the extrapolated leading edge of the pinch power as

peak power for the 12-mm array may indicate a higher trailing mas§ convenient method to define the start of the pinch thermal-
compared to the other arrays. Faster deceleration of the current nelZation phasélV) (Sec. Il B). This was useful as a demarca-

peak velocity for the 40-mm array may indicate less trailing masdion of rapid power increase, but arbitrary. A physically mo-
compared to the other arrays. tivated criterion might be when the shell strikes the precursor

or when the acceleration of the current compression is ob-

guidance on an appropriate direction to increase the ablatiopfTVed 0 decrease. These three observations are within 3-9

rate per unit mass. Based on E2{), a high ablation rate per 'S Of each other for both arrays.

; ; ; ; i Figure 20 also shows that the peak velocity of current
unit mass requires higH, highK, and shortrg,q Fixing the ) i s
radius relevant to a particular applicatih0], only a de- compression for the 12-mm array is 23 gas/(red ling and

crease in the initial array mass or an increase in the drivingnat this occurs 14.5 ns prior to peak radiation. This is the

current(or both can modify the ablation rate per unit mass. '0ngest time delay between peak velocity of the current and
peak radiation for any of the single arrays discussed in this

paper. The rate of current transfer to the axis and rate of

V. PHASE IV: STAGNATION AND THERMALIZATION compression appears to decrease for the 12-mm array. For
example, compare with a 5.8+1.8 ns delay between peak
velocity of the current and peak power for the high-current
20-mm arrays. This might be consistent with a larger trailing

The effective velocity of current compression can be ob-current and mass for arrays with a longer wire ablation
tained by differentiating the effective current radius curvesperiod.
Figure 20 plots the effective velocities of the current com- If the fraction of trailing mass for the 12-mm array is the
pression for the 12-mm, 20-mm, and 40-mm arrays, with thesame as we inferred for the 20- and 40-mm arre8@96 at
soft x-ray pulse shape for comparison. We find that the peakhe foot of the power pulse; see Sec. IY,Bs much as 4.5
velocity of compression of the mean current radiusmg may be trailing(0.3X 14.9 mg. This is a factor of 2.5
(28+2 cm/us) for the 20-mm arraygreen line, Fig. 2Dis  times that inferred for the 5.9-mg, 20-mm array, in absolute
lower than the velocity of the emission front near the axisquantity. Interestingly, the acceleration of the curr@ht/dt
(40 cm/us) [Fig. 6(@]. The same is true for the 40-mm ar- from Fig. 20 for the 12-mm array is highest, implying the
ray. The peak velocity of current compression is 46 g/ smallest involved mass and thus indirectly indicating a
(blue line, Fig. 20 for the 40-mm array. The peak velocity of higher fractional(and absolutetrailing mass than the 20-
the current is lower than the velocity of the emission front atand 40-mm arrays. This is consistent with our speculation
62 cm/us [Fig. 7(@]. that the fraction of trailing mass could increase for longer

The effective current velocity for the 40-mm array is an ablation periods. Magpie arrays, ~ 0.87,9) were estimated
underestimate of the peak velocity, considering the previougo have a trailing fraction as high as 40%. If this fraction
discussion about increased AK gap current loss for thepplies to the 12-mm array afy as much as 6 mg might be
40-mm array, relative to the 20-mm array. The current veloc4railing. This is a factor of 3.4 increase in absolute quantity
ity of the 20-mm array is also likely an underestimate. Wecompared to the 20-mm array.

A. Current compression velocities and stagnation
times
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If we assume that the “clearing time” for final compres- /] [/} 1V
sion of the trailing mass is proportional to the time period ————— —
between peak velocity of the current and peak power, we can 10.0 ] ( a)_

use Eqs(7) and(8) to estimate the required increase in trail-

ing ion density. Compared to the 20-mm array, a factor of
145/(5.8+1.8§=2.5+0.8 increase in the final compression 8.0
or clearing time requires an increase in trailing ion density
by a factor of 6.3+4. This is within a factor of 2-3 of the
2.5-3.4 increase in trailing mass estimated above, based the
assumption of 30%—40% trailing mass fractions from rocket
model fitting.

Further data consistent with a change in the radial distri-
bution of the current are obtained by comparing inductance
unfolds for the low-current and high-current cases from the
recent current scaling work of Stygat al. [20]. In that
work, scaling of power with current was determined for 20- 0.0
mm-diam tungsten wire arrays with a fixed implosion time 40
(95 ng. Radiated power scaled subquadratically with current
(124018 petween 13 MA (2.7 mg/cm and 19 MA
(5.9 mg/cm where only array mass and current were varied.
Multiple-shot averages of current trajectorigsy’] and ve-
locities for the low- and high-current cases of this data are
compared in Fig. 21. This is a better relative comparison than
the 20-mm and 40-mm cases discussed previously since we
used identical and large AK gaj§8 or 4 mmn) for which no
discernible effects of AK gap on radiated power and energy
were observed.

The comparison of current trajectories and velocities in
Fig. 21 indicates a tighter pinching of the current for the
lower-current array, as well as a higher implosion velocity of . [/ - L
the current. At peak radiated soft x-ray power, the radius and %_3 0.5 0.7 0.9 1.1 1.3
CR of the current are, respectively, 1.4+0.4 mm and 7.1+2.0
for the lower current cas@verage of three shogtsThe radii
and CR of the current are 2.8+0.4 mm and 3.6+0.6 for the £ 21 (a) Comparison of the trajectory of the effective posi-
higher current casgaverage of three shotshowing reduced tjon of the current from the current scaling experiment of iRef].
compression. We measure a peak velocity of the currenjire array experiments at 13 Médashed line, average of shots
compression of 35+0.3 crpks for the low-current cas@p- 725, 819 and 19 MA (average of shots 724, 817, 918igher
proaching the thin-shell model limit of 40 cm$ at a 10:1  convergence is noted for the lower-current ca$g.Effective ve-
compression and 28+2 cm/is for the high-current case. locity of current compression for the trajectories from pait A
Were the arrays behaving as a thin shell, a fixed stagnationigher peak velocity and a more rapid deceleration of the velocity
time scaling would result in identical trajectories, compres-near peak power is observed for the low-current data.
sion ratios, and implosion velocities for the two currents.

Figure 22Za) compares time-dependent FWHM from the ) .
radial XRPHC camera with the soft filter, for both low- and 11(@)]. The difference between the peak velocity of compres-

high-current shots. The time axis is plotted as time with re-Sion of the FWHM(9 cm/us) and that of the current for the
spect to the peak power. The final compression of thdligh current cas€28 cmius) argues for a reduced efficiency
FWHM from of order 4=5 mm down to 1 mm occurs in of compression and heating of the main pinch mass on axis.
about 2-3 ns for the low-current case, at about 45&sn/ Since the velocity of FWHM compression for the low cur-
consistent with the peak velocity of compression of the curfént case(45 cm/us) is consistent with the final current
rent [35 cm/us, Fig. 21b)]. The final compression of the compression velocitie635 cm/us), we would therefore in-
FWHM for the high-current case occurs in about 5-7 nsfer a lower mass distributed in wings to delay the final com-
about a factor of 2 slower than the low-current case, but at @aression. A reduction in trailing mass and in the time period
factor of 5 reduced velocit§d cm/us). The peak velocity of for compression is consistent with the shorter rise time of the
current compression for the high-current array is 28 @s/ power pulses for the lower-current case, shown in FigbR2
[Fig. 21(b)]. A reduction in trailing mass is also consistent with the
We argued in Sec. IV B that the wings on the mass densmaller delay between the peak current and stagnation time
sity profile at stagnation determine the final compressior{t=21.07,g for the low-current casgFig. 21(b)] and with the
time (Fig. 11) and that the size of the wings are relevant tofaster deceleration of the current after peak velocity for the
the compressioriand final velocity of the current at peak lower-current caséFig. 21(b)]. [In a similar way, the decel-
power. The wings are below the level of the FWHMig.  eration of the current after peak velocity for the 40-mm array
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6 . . - A pinch with current and pressure profiles peaked on axis
(h?geﬁ ) (a) is stable to then=0 sausage instabiliff110—-113. However,
5| 647 | since the effective radius of the current is off axa& 2.8
‘x.__ (low I) mm), the pinch mass at stagnation is unstable to both the
----- ¢ 648 m=0 sausage ancth=1 kink perturbation§111,113. Trail-
= 4r '\_g_('°‘” " ] ing mass and distributed current, however, do reduce the
£ WY o growth rate ofm=0 and m=1 instabilities by creating a
= 3r & :;5“;: 3 ,’,'ss broader, more diffuse current profil@13,114.
é 646 Y The overall shape of the bright core region or intensity
iL 9| (highl) contours also clearly show the onset of a mite-1 kink
instability in Figs. 10d) (just after peak powgrand 1@e).
v~8.8 cmius . The radius of peak emission as a function of axial position
11 t5t07ns -ty (defined as the pinch centrgig plotted as the green line in
Figs. 1@b)-10Q(i). The centroid shows an overali=1 insta-
0 : - - bility with a wavelength of about the pinch length. An
1.0 - . . . =1 kink, when observed, is always on all frames obtained
Fy (b) after peak power, never on frames before, for the 20-mm
arrays. Thus there may be some relation between the occur-
. 08 i b 1 rence ofm=1 and the termination of the rapid rise of the
g i ! power pulse.
° 06l 646 i i | The peak compression of the self-emission is always after
- (highn/ i peak power(see Fig. 1Dand hence also associated with the
N H y appearance of the kink. The peak radiation temperature of
T 04l i H )l the pinch after peak power is similar to those at peak power,
E i b but the total power radiated lower, perhaps because of a
2 ," 3, smaller surface area. Perhaps one reason the total radiated
0.2} i 648 '~.\' . pinch power begins to decrease is simply because of the final
Vs (lowl) BRAA assembly of all the mass into a tighter pinch after peak
M__-"" power. The conditions for the maximum growth of the kink
0-(_)10 _'5 o 5 1'0 instability may not occur until peak compression is reached.

. . Also, the growth rate of the kink instability may be some-
Time with respect to peak power (ns) what lower than for the sausage, independent of the current
profile [113,114. The spectra of the pinch emission become
he . . .
tprogresswely harder throughout the pulse, in particular after
peak power, possibly related to the growth of MHD instabili-
ties and the production of axially directed electron beams

FIG. 22. (a) Comparison of the pinch FWHM obtained from t
soft-filtered radial x-ray pinhole camera data for low-curren
(dashed lines with diamonds, shots 647 and)@#&l high-current
(solid line with circles, shots 646 and 66&nfigurations(b) Pinch

power pulse at low currer(648) and high current646), both with between the cathode and anode. o
otherwise identical hardware configurations and AK gépsnm). On a more speculative note, we observe in Figéc/land

The low-current arrays implode faster, correlated with a narrower10(d) the presence of a number of “bubble” regions, defined
faster rising pinch power pulse. for this discussion as cold regions surrounded by hot mate-
rial. These bubble regions, labeled “b1"-“b3” in Fig. 10,
appear to be correlated frame to frame and are similar to
is faster compared to the 20-mm and 12-mm ark&yg. 20, structures produced in nonlinear simulations ofitire0 sau-

also consistent with smaller trailing majss. sage mode in 2D by Vikhreet al. [115]. Vikhrev et al.
proposed that the sausage mode could produce small bubble-

like torroidal cavities in a compressed cylindrical pinch on
B. MHD stability at stagnation axis. Rudakowet al. and Velikovichet al. [75,76] (RV) fur-
ther proposed that should these torroidal cavities close off or
In Figs. 1@b)-10(d), the structure of the hot spots and the bridge at the entrance and trap some current that the buoyant
shape of the intensity contoutwhite lineg appear to show transport of the bubbles or magnetic flux tubes to the axis
an instability with arm=0 sausagelike character growing up deposits energy in the-pinch plasma through either dis-
rapidly during the pinch power rise time. These images ar@lacement worKPdV) or drag heatingviscosity. This was
obtained after the beginning of phase (¥.9.,> 7y, after  proposed as a mechanism that might account for the total
the acceleration of the system has cegséiils, anm=0  radiated energy by pinches up to<2-4x the kinetic energy
MRT mode is not indicated. This sausage mode may be iniat stagnation.
tiated by the wavelength of the axially nonuniform ablation For example, we see a bubble “b1” in Fig.(&0 which
set by the ablation process at the array edge and/or by appears to correlate with a similar feature in Fig(d0This
MRT wavelength at stagnatidi24]. Axial profiles from Fig.  bubble apparently fails to form a closed cavity and does not
10(a) (not shown suggest thak ~ 1.8 mm just prior to stag- appear torroidalaxis enclosing Bubble “b2" observed in
nation. Fig. 10(c) appears to compress in Fig.(@Dand also appears
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to be torroidal in the harder filtered image of Fig.(0 In

Fig. 1Qe) this bubble has disappeared, but the associated hot
spot has increased in intensity. The cluster of three bubbles
“b3” in Fig. 10(c) appears to shrink and merge by the time of
Fig. 10d), and is correlated with an increase in intensity of
this hot spot. These bubble regions are observed in all pin-
hole pictures at peak power.

The RV mechanism must have a source of convective
MHD instability—for example, am=0 sausage—to provide
the magnetic field curvature required to drive the bubbles
toward the axi§75]. The radial XRPHC data convincingly
demonstrate the existence of some kind of MHD instability
with a dominantm=0 character. The obviously 3D pinch
structure and the presence of trailing mass and current imply
that the application of this mechanism, in practice, should
take into account 3D effects and the actual profile of trailing
current. The RV enhanced power is increased for higher
Alfvén velocity, e.g., at larger magnetic fieldsigher cur-
rent, smaller radiysand for smaller pinch masses. A faster
rate of increase of magnetic field near the akigher cur-
rent, smaller radiysis obtained for decreased trailing mass.
Decreased trailing mass may also be obtained in general, for
lower initial load masses.

There may be a relationship between trailing mass and
current [faster final compression time scales for higher
Va, 7c~1/V,, Egs.(7) and(8)], an increase in MHD growth
ratesl” near the axigI’ ~V,) [89], and increased coupling of
magnetic energy into pinch power on the time scale of the
initial thermalization or pinch power rise timéPgy
~12VA/R) [75,76. Although there is no generally agreed
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upon pathway for pinch plasma heating by the magnetic en- . . o

ergy on axis at stagnation, it is agreed that the coupling of FIG. 23. (a) Comparlsop of norm_allzed radiation power pulse
magnetic energy is critical to explain the large radiationShapes for the current scaling experiments of Rzd]. Normghzed
yields of z pinches. Any mechanism coupling magnetic en-Power pulses from 3- and 4-mm shots are averaged. High-current
ergy into the pinch at a velocity proportional to the Alfvén shots are 594, 683, 723, 724, 817, 818. Low-current shots are 647,

velocity should likewise be improved by these kinds of /2> 819 (0) Comparison of normalized raciation power puise
modifications. shapes for three different initial array diameters: 12 rfdashed

line, shot 931, 3-mm AK gap20 mm(dotted line, average of shots
719, 726, 728, 747, 749, 3-mm AK gamnd 40 mm(solid line,
average of shots 160, 161, 165, 168, 169, 234, 235, 269, 281, 326,
394, 5-mm AK gap. The power pulses are aligned with the 50%
point on the leading edge at 100 ns. Peak radiated power for the

. . 12-mm array is~50 TW, for the 20-mm array-125 TW, and for
We speculate about signatures of trailing mass and currefte 40-mm array~165 TW. Error bars are reduced Bj-1 for a

in observed x-ray power pulse shapes. X-ray pulse shapegmple ofN independent measurements. Larger relative tail ampli-

have a secondary pulse or tail in gene_ral; e.g., see Fig. 3 @ide is observed for arrays with greater trailing mass.
6(b). Figure 23 compares the normalized soft x-ray pulse

shapes for a variety of single wire arrays, averaged over

multiple shots. The secondary pulse or tail is smaller for Figure 23a) compares pulse shapes for the 20-mm low-
smaller AK gaps and for hotter feed electrodés20] be-  current and 20-mm high-current arrays from the current scal-
cause of a decrease in the driving current resulting from AKing study of Ref[20]. We average multiple shots all with 3-
gap current loss or complete AK gap closure. We speculatand 4-mm AK gaps. The multiple soft x-ray pulse shapes are
that the amplitude of the secondary pulse on the radiatedormalized to peak powdrk=1) and then aligned in time at
power might also be related, in part, to secondary implosionalf peak amplitud€0.5). The averaged curves are found by
of trailing mass and current or to reduced pinch compressaveraging the values of each curve as a function of time. The
ibility. A larger tail relative to the peak power could correlate peak power and total energy are constant at these large AK
with increased trailing mass and current. If true, this wouldgaps, so changes in the amplitude of the late time tail are not
imply the converse: increased power in the main pulse reladue to variations in AK gap current loss. In Fig.(aB a

tive to the tail correlates with improved simultaneity of ar- smaller tail (and smaller FWHM is observed for the low-
rival of the current and mass at the axis. current experiments that had a higher implosion velocity of

C. Possible signature of trailing mass in pinch power pulse
shapes
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the current and a tighter pinching of the current at peak12-mm, 20-mm, 40-mm arrays(9) a cold halo of material
power. at a diameter consistent with the trailing current, around a
Figure 23b) compares normalized pulse shapes for 12-smaller diameter hot core or hot spots, at stagna@®mm
mm, 20-mm, and 40-mm single arrays. Except for thearray; and,(10) low-density material at the array edge and
12-mm case, these data are multiple-shot averages. Thed8 axial modulation of the late time density at the edge of the
experiments all have approximately the same ratigigR  array, at stagnatiot40-mm array. ' _ _
representative of the initial magnetic insulation strength of Trailing mass at the array edge early in the implosion
the feed gap. The insulation for the 12-mm array is aboufPPears to produce wings on the mass density profile at stag-
20% stronger than the 20-mm case. The insulation for th&&tion once compressed. These wings, which may contain of
40-mm array is about 30% weaker than the 20-mm case. Th%rder 30% of the total array mass according to simple trajec-

secondary pulse is a smaller fraction of the peak power fofory models, impact the final compression and thermalization

. rate. We observe the growth of an instability with @0

arrays _that ablate and accelgrate sooner. In particular, ths‘%usage character growing up rapidly during the rise of the
10% tail for the 40-mm array is much smaller than the 35%power pulse. We also see a mitd=1 kink instability near
for the 20-mm array. Although the 40-mm array probablyto’ but always after, peak x-ray power, correlated with a
shows increased AK gap current loss relative to the other W hier compression of the self-emission, increasingly harder
arrays, which would decrease the tail, the much lower tail iSiinch x-ray emission, and the emission of hard x rays

also consistent with less trailing mass and an improved si~. 100 keV.

multaneity of imp|OSi0n of the current and mass. |ncreased In contrast to work where the array acce|erated from |ts
FWHM of the radiated power is correlated with longer abla-injtial radius very late in the pulse~80% of the stagnation
tion periods. time) [25—40, our results show that very late acceleration is
This argument does not suggest what mechanism genefiot a universal aspect of wire array behavior. We demon-
ates the late-time radiation, just that it may be correlated witfstrated a scaling of wire array trajectories, for the first time,
the implosion of an array with trailing mass profile and theand varied the wire ablation time between 46% and 71% of
arrival of all the current near the axis. The pinch is morethe array stagnation time by changing the initial diameter of
tightly compressed during the tail of the pulgéigs. 10 and  the wire array at constant implosion time. Wire arraysZon
23). Spectrally resolved x-ray emission data indicate that théhyave a higher ablation rate per unit mass, and ablate and
radiation from the tail has a significantly harder spectrumimplode earlier in the current pulse compared to arrays on
than the main pulse. The energy in the tail of the radiatiorMagpie and Angara-5-1.
pulse, possibly associated with the arrival of trailing mass The behavior of the arrays is dominated by the long wire
and current, might be useful for ICF if we can understand thexblation period, even for the smallest wire-to-wire gaps used
generation mechanism and thermalize this energy on a moksh Z (209 um for the 20-mm array This suggests that two-
rapid time scale during the main pulse to increase the peaffimensional(r-z) models that implicitly assume wire abla-
power and improve the scaling of pinch power with current.tion and wire-to-wire merger into a shell on a rapid time
scale compared to wire acceleration are incorrect, or incom-
plete, for high-wire-number, massiVe-2 mg/cm, single,
VI. SUMMARY AND DISCUSSION tungsten wire arrays. These results also suggest that
2D(r-z) models of nested wire array behavj@s,48 may be
In summary, for high-wire-number, single, tungsten arraysncomplete and that the possible impact of discrete-wire be-
at 17-19 MA, at diameters of 12—40 mm, with masseshavior of the outer and inner arrays should be evalug2ed
>2 mg/cm we show a number of discrete-wire implosion The primary significance of this work is improved under-
characteristics. The wire arrays from which the particularstanding of the 3D conditions during wire initiation, wire
observations are derived are noted in parenthesis in the listblation, and array implosion, during the first 97% of the
below. We observe the followingl) a precursor pinch on array implosion history. This work leads to a more quantita-
the axis of the array and cold tungsten in the cef@8rmm,  tive understanding of what the initial conditions for pinch
40-mm arrayy (2) a long wire ablation periodl2-mm, 20-  thermalization(plasma heating and radiation ratesd the
mm, 40-mm arrays (3) a corresponding delayed accelera- termination of the radiation pulse are and how they are set up
tion of the wire array edge from that of a thin-sh@lP-mm,  near the axis of the array at 20 MA.
20-mm, 40-mm arrays (4) a wide imploding shell-like ob- Although we have an improved understanding of the wire
ject early in the implosion, possibly prior to significant MRT array dynamics, both 2D and 3D models still require that we
growth (20-mm array; (5) a plateau or shelf of trailing hot assume initial conditions to generate, for example, the axial
mass during the implosion out to the limit of the field of perturbation on the individual wiree.g., see Ref[80]).
view (8.7 mm), early in the implosion(20-mm array; (6) Also we were able to match the wire array ablation rates
other indirect and direct evidence for trailing mass and a taibbserved in experiments, only with adjustable constants
on the mass density profile at the outer radius, rather than within the material models used in the 2D-MHD codes. No
sharp edgg20-mm, 40-mm arrays (7) a ramp up of the simulations are as yet entirebb initio. We need improved
power from 0.1 to 5 TW during the implosion phad®-mm,  material models to begin to understand the long-lived wire
20-mm, 40-mm arrays (8) a limited compression ratio of cores. The key initial conditions need to be adequately deter-
the current at stagnatigirailing currenj and smaller implo- mined and characterized to achieve a truly predictive capa-
sion velocities of the current compared to a thin-shell modebility for scaling pinch output to higher currents and to de-
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termine how to optimize wire-array implosions and scale themeasurements of the trailing mass distribution and areal den-

parameters. sity and mass distribution of the pinch at stagnation are
High peak radiated power requires rapid and simultaneougeeded to complement the chordally and axially integrated

assembly of mass and current on the axis. We see clear dif€lf-emission measurements presented in this paper. Mea-

ferences in the velocity and simultaneity of assembly pesSurements of plasma injection or ablation velocity or direct

tween the current and radiation emission for the various armcasurements of wire ablation rates would aiso be useful.

nfiqurations di d. We infer mewhat hiah Spectroscopic measurements of the densities and tempera-
ray configurations discussed. We Inter a somewnat NgN&, o of hoth electrons and ions will also be critical to under-
fraction of trailing mass at the start of stagnation for arrays;igng pinch stagnation physics.

with a longer wire ablation period by comparing rocket  pyture applications of wire arrays to ICF for ignition and
model fits on Magpi&40% trailing with Z (30% trailing for  high fusion yields with the baseline double-pinch approach
the 20-mm and 40-mm arraysHowever, there is not a very [8] will require scaling to powers of-1 PW/pinch at cur-
strong change in the fraction. Within the error of the esti-rents of about 60 MA. This level can only be reachedif
mates from the rocket model it is possible that all the arrayshe present powers achieved @hwith a 20-mm array
simply leave a fixed fraction of trailing mass. The longest(~125 TW) scaled with current no slower than®% The
delay between peak velocity of the current and peak radiademonstrated scaling of power with currd@0] for these
tion was observed for the 12-mm array, the heaviest arra§indle tungsten arrays at a 95-ns stagnation time is_slower
with the longest ablation period. The 12-mm array had th han this and 'mp"?s peak array currents larger than 75-100
largest acceleration, implying the largest absolute trailin A would be required, conS|derabI3_/ in excess of those for

. . hich accelerators have been designed. Although hot-spot
mass and a larger fraction of trailing mass compared to th

. TCF or fast-ignition compression schemes require radiation
20-mm and 40-mm arrays. We also observe a correlatloE g P q

b | . blati iod d i | ulse shaping, for which it is likely that nested wire arrays,
etween longer wire ablation periods and arrays with largefeqieq shells, or arrays imploding on shells would be used,

FWHM and increased tail power relative to the peak powerypnqnot 4 single high-mass tungsten wire array scaled to keep
We observed a slower apparent velocity of the current, e jmplosion time constant, it is clear that further optimiza-
lower convergence of the current at peak radiation, and ggp is required.
longer delay between peak velocity and peak radiation for Trailing mass might affect performance on next-
the high-current 20-mm case compared to the lower-currenienerationz-pinch accelerators such as the planned ZR ac-
20-mm case, consistent with an increase in trailing mass angbjerator[116] and future accelerators at high-yield-scale
current for higher-mass arrays. We showed that the tra'“”%urrents(SO—GO MA) [117]. Were the 20-mm arrays scaled to
mass at the edge of the array leads to wings on the masg keeping the implosion time at100 ns, the array mass
profile at stagnation for the 20-mm array, causing a slowe{yoy|q increase from 5.9 mg to about 20 mg. Since the cur-
rate of current transfer to the axis of the array and thereforgant is scaled up accordingly, the time of ablation and accel-
a slower rate of increase of the magnetic energy densityration might be unchanged compared to arrayZ obased
(Lal?/2) and magnetic pressure near the axis. This could regp, the discussion in Sec. IV.
duce the rate of delivery of magnetic field energy available This is consistent with predictions of the “tuned” 2D
for conversion to radiation. G-MHD model(normalized toZ trajectory measurements in
Trailing mass[32,89 leading to trailing currenf36] is  sec. 1)) of a high-yield-scale 20-mm array. Assuming the
therefore proposed as the most likely cause of the subquarailing mass fraction is no smaller than the 30% observed on
dratic scaling of radial power with currefit1'?) for mas- 7 a 20-mm array on ZR would have a trailing mass of
sive (=2.5 mg/cm 20-mm arrays(rgag~95 N9 observed 6 mg/cm. This is as large as the entire array masZfdihe
by Stygaret al. [20]. As further support for the conclusion higherdl/dt of the current pulse on ZR might improve the
that trailing mass results in slower scaling of power withuniformity of ablation or the acceleration of any trailing
current, we note that the radial power scales quadraticallynass. However, the increase in absolute trailing mass and in
with array current(e<?) for lighter (<2 mg/cm 40-mm ar-  axial electric field(a 60% larger voltagemight instead in-
rays (7sag™~ 105 ng in the experiments of Nasét al. [78]. crease shunting of current to larger radii. We have no simu-
Recall that the 40-mm arrays were estimatBdc. IV B to  lations or models that can actually predict the performance of
have only 36% +6% of the absolute trailing mass per unitarrays at larger currents.
length of the 20-mm array using rocket model fits to trajec- In addition to potential effects on wire array and current
tory data. Lower trailing mass correlates with the improveddynamics, this increase in absolute trailing mass, if present,
power scaling with current. would affect the vacuum hohlraum energetispecific heat
We need improved characterization of pinches at stagndess and secondary coupling efficien¢9,13]. We need a
tion to test models of pinch thermalization and radiation terway to scale wire array performance to higher currents at
mination. MHD simulations are primarily predictions of the constant radii, which reduces either the fraction of trailing
location of mass and current; properties of radiation aramass or the absolute trailing mass or both, preferably. The
second-order predictions of radiation models within thosdong ablation period and poor performance of the 14.9-mg,
codes. Code validation is eased by comparisons to dired2-mm-diam arrays and the current scaling experiments of
measurements of mass and current. Recently, crystal-imagirigef. [20] also suggest caution when scaling the mass up-
backlighting techniques have greatly improved our knowl-wards to keep a constant implosion time and couple effi-
edge of the mass distributiofb0,51. Direct, quantitative ciently to the accelerator. A recent wire-array experiment that
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vp 2997 nid These results suggest that a larger ablation rate per unit
—TIT Mass [ TIK/ 7gag 12/ [RMVal, Eq. (21)] will decrease

(a) ve 2856 nH the ablation time period. Higher ablation rate per unit mass is

-— o 4 obtained with higher drive current, smaller array mass, and

- +

smaller ablation velocityor conversely, highell, higherK,

20.89 nH smaller 7y, Decreasing the mass of the arrdgr a fixed

- +

lation rate per unit mass, increase the wire burnthrough rate,
and the array would ablate earlier, possibly with a lower
fraction of trailing mass. Even were the fraction of trailing
mass a constant of the array dynamics, a lower initial mass
would imply a lower absolute amount of trailing mass. It is
interesting to note that decreasing the mass of the array with
fixed wire number results in the use of smaller-diameter
wires. Data from single-wire experimen{d19] show a

E
— LTI "‘I% radiug would decrease the stagnation time, increase the ab-

(b) higher wire ablation rate with smaller diameter wires.
012 8.96nH Lfeed The heuristic model of Stygaet al. [20] suggests that
AN HEE CEFEN optimization of array performance requires shortening the

array implosion time by increasing the array mass with in-
creasing current more slowly than thg~ |2 rate that main-
. * tains constant implosion time. Hence, a decrease in array
Voc C"D Zcony ? 2‘ L) mass is suggested based on an independent line of argument.
- Previous experiments on the Saturn accelerfi@0] and

several more recent experiments on Magf®1] and Z
[122,123 show that higher radiated powers are obtained for
smaller array masses and shorter implosion times. Accelera-

FIG. 24. (a) Equivalent circuit for the four-leveZ transmission  tors with faster risetimes to optimally drive lower-mass ar-
lines from the water-vacuum insulator stack convoluted into argys with shorter implosion times might further increase the
single feed to the load. VA, VB, VC, and VD are the stack vol’[agesmaSS ablation rate and implosion velodity4]. Shorter cur-

for each level. The hquzontal inductors are the transmission l.m?ent pulse rise times improved axial uniformity of wire ex-
inductances from the insulator stack to the convolute. The vertica

inductors are the coupling inductances between the transmissiOEjr)JOSIOn.S n fs![rrlgle—wwe extﬁe;lrr}:anﬁi’o] and tmltgh.tl a:;ar th?th
lines in the convolute(b) Equivalent circuit for theZ accelerator ynamics ot the process that allows mass 1o trail. Also, itihe

with a single constant impedance voltage sowgg, a variable .app”CB.tiOI’] permit;, increasing the array radius would al's.o
impedance element to model current loss in the convdygg(t),  increase the ablation rate per unit mass and decrease trailing
and a variable inductance array(t). mass, for a fixed stagnation time.

In conclusion, we do not necessarily want to maximize

lenathened the implosion i h d duction i d_the kinetic energy at stagnation. This optimization would in-
engthene € implosion ime showed a reauction In radiv,q e the array mass and implosion time to optimize energy
ated pinch powers with an increase in wire array mass, als

. ) . fansfer from a given accelerator, which is opposed to the
consistent with this trenfll18]. direction suggested by scaling of the ablation rate per unit
We want to maximize the rate of delivery of and simulta- 99 y g P

neity of arrival of mass and current at the axis. This requireéna.ss' The_ pe_ak power may depend more strongly on the
a minimization of the trailing mass. Although this work radial distribution of the current rather than the peak current.

strongly suggests a relationship between wire array ablatioftUturé Work needs to explore the relationship between trail-
rate per unit array mass, wire-array dynamitee normal- g mass and current and ablation rates_ to maximize power.
ized acceleration timgstrailing mass and current, the peak e need a more complete understanding of wire ablation
compression of the current, and the scaling of power wittfates, the physics of trailing mass and its scaling, the influ-
peak load current, it is not clear what physical processe§nce of ablation on the effective width of the imploding
actually control the relationship or how the process itselfsheath, and the influence of trailing mass on the rate of trans-
scales. We speculate that trailing mass results from axiallport of the current to the axis of the array and the final
nonuniform wire ablation in the same manner as observed amplosion velocities. We should continue to explore the re-
lower currents. In this mechanism, regions that ablatdationship between trailing mass and current, the onset and
through, first, implode and allow more-slowly ablating re- rapid growth ofm=0 instabilities on axis, the conversion of
gions to trail. It may be that a longer wire ablation period magnetic energy into radiation, and the possible termination
modifies the amplitude and/or wavelength of the instabilityof the pulse by the growth of MHD instabilities. Future work
controlling the axial nonuniform ablation of the wires, sub-should also evaluate the observed correlation between the
sequently leading to variations in trailing mass and trailingonset of anm=1 kink instability, higher compression, and
current. the evolution of the harder x-ray spectrum.
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TABLE VII. Symbol definitions.
Symbol Definition

A atomic mass number of plasma ions

A, hohlraum wall area

B magnetic-field induction

CR radial convergence ratio

E precursor total thermal energy

F precursor view factor

[ accelerator total current

I 1, wire array load current

loss convolute loss current

lem load current waveshape for Magpie accelerator

lez load current waveshape f@raccelerator

Im peak load current

J current density

K dimensionless array ablation similarity parameter

Ka ablation similarity parameter for Angara accelerator

Km ablation similarity parameter for Magpie accelerator

K1, ablation similarity parameter for 12 mm array @n

Koo ablation similarity parameter for 20 mm array @n

Kao ablation similarity parameter for 40 mm array @n

La,La(t) wire array load inductance

La(to) geometric wire array load inductance before array acceleration

Ltced transmission line inductance upstream of convolui® includingL,)

N number of shots

P radiated pinch soft x-ray power

Pcomposite composite pinch power waveform froRxrpcorr and Psp

PdVv rate of work done on plasma from a change in volume

Puin kinetic pressure of ablated plasma flow at the precursor surface

Po-mHD radiated power from Gorgon 1D-MHD simulation

Prv power from Rudakov-Velikovich model

P(t)sp pinch soft x-ray power inferred from silicon diode measurement

Psp radiated power from mass accretion by the imploding snowplow piston

Py thermal pressure of the precursor plasma

P(t)xrD pinch soft x-ray power from an XRD measurement

P(t)xrpCcORR XRD power corrected for collimation by the diagnostic viewing slot

R initial radius of wire array load

Reur effective radius of the current flow

R¢ final radius of plasma

R initial radius of plasma

R plasma magnetic Reynolds number

Ro precursor equilibrium radius

Roiston radius of the piston from a snowplow mass accretion model

T precursor temperature

Tp pinch brightness temperature

Tr hohlraum radiation temperature

VA,VB,VC,VD Zaccelerator insulator stack voltage for levAl8,C,D

Va plasma Alfven velocity

V, effective plasma ablation velocity from rocket model

(Varray average array implosion velocity

Veonv convolute voltage determined from stack voltage and circuit model
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TABLE VII. (Continued).

Symbol Definition
V, initial convolute voltage determined from load current
Voc accelerator open circuit voltage
Vp mass accretion piston velocity
pa average charge state of the ions in a plasma
Zeomdt) convolute impedance
a(t) pinch acceleration
do initial anode-cathode gap distance
d(t) time-dependent anode-cathode gap distance
dE/dt rate of change of precursor thermal energy
dmypaed dt wire array mass ablation rate per unit length
di/dt,dl,/dt time derivative of wire array load current
dL,/dt time derivative of wire array load inductance
dv/dt acceleration of the effective radius of the current
fa mass ablation fraction
fam mass ablation fraction for Magpie
faz mass ablation fraction faf
Oam mass ablation function for Magpie
Oaz mass ablation function faZ
fm fractional mass ablation rate
k wave number
¢ wire array length
I characteristic plasma length
Marray initial mass of wire array per unit length
Mo wire array or plasma mass per unit length
m azimuthal mode number
Ne plasma electron density
n plasma ion density
r,r(t) time dependent wire array radius
tas tablate starting time for array acceleration or time at end of ablation phase
tm time of peak load current
v characteristic plasma velocity
AL, change of array inductance from initial geometric inductance
r growth rate of MHD instabilities
I dimensionless pinch acceleration similarity parameter
a precursor pinch albedo
B normalized time of peak load curref®ty,/ 75ag
oL change of inductance from current convection with precursor plasma
sm(t) total mass per unit length ablated from wire array
Mo permeability of free space
7 characteristic plasma resistivity
p(r,t) precursor mass density profile
OB Boltzmann radiation constant
o wire material conductivity
T characteristic timescale for implosion or motion
Ta: Tablate array ablation or acceleration time normalized to stagnation (#hg 7sag
T Alfven transit time
Tc plasma clearing or compression timescale
TR Rosseland mean optical depth
Tstag stagnation or implosion time of wire array
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