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TABLE 1. Configuration of double-nested stainless steel wire arrays dis- ;’E E 100
cussed in this work. All were 2 cm tall with a 6 mm anode-cathode power - & 50k
feed gap, and had identical outer wire arrays (35 mm array diameter, 2 %_
0.71 mg/em, 04 wires, 10,5 pm wire diameter). The shot labeled “stan- 0
dard” represents a 2:1 mass and radius ratio configuration that was fielded -~ — 10F T T T T | —
=10 times on Z and which we consider as a baseline for comparison with o E (b)
other variants. x> 5
D D B =
%3
Initial Initial Inner Inner Total x = 0 L = i ; ]
Shot Rinped Mipped wire wire mass 80 90 100 ) 110 120 130
number R e T — number diam (gem) {mg/ecm) Time (ns)
1084 0.250 1022 14 185 | 44 theLDC u([Cv(;;o;)' I-i(;l?eT;?;all, ﬂ.!]d (b% K-shell x-ray power for s:hot Zl0‘84 (red
plosion o outer and Inner arrays was not simulta-
1308 0.250 0.327 34 10.5 0.95 neous, and Z1308 (solid blue curve) which was designed for more nearly
1386 0.250 0.327 34 10.5 0.95 simultaneous implosion.
' . ) ' ' 0 [ — 40
1306 0.375 0.327 34 10.5 0.95 E : (@) J P e ] ] E
Standard® 0.500  0.500 52 10.5 1.06 g 150F 2 . ¢ ’ 130 -
o E @
1307 0.625 1.308 136 10.5 1.65 2 100F & ; 420 2
> - ] &
1309 0.625 1.308 136 10.5 1.65 E 505_ ; » + Jio 3
1085 0.750 0.308 32 10.5 0.93 I - - | H g . ;”
1385 0.750 244 82 18.5 2.46 = 0
= 2.0 g 200
*Average power and vield discussed later are based on Z shots 578, 840, = - (b) % ] 2
841, 847, 974, 975, 976, 977, and 978. o 15 ’ 1903
> 10k ¥ ! 5 3100 £
=  B.Jonesetal., PoP 15, 122703 (2008). 5 o5k ; . 1so 5
=  We argued that the outer and inner array implosions should be s F ¢ o - 1 &
simultaneous according to OD modeling e b . Y,
= Nothing worked better than 2:1 mass and radius ratios, so we have 0 0z 05 0m T
largely stuck with that Ro,inner/Ro,outer
= C.A.Jennings and D.J. Ampleford studied additional nesting variations g5 3. (Color) Radiated peak power (a) and yield (b) as a function of
with 3D MHD and expe”ment nested array initial radivus ratio for the shots of Table 1. Total x-ray outputs
n LOOK HERE FOR HOLLOW FEATURES THAT BAILEY MENTIONED are shown with red diamonds, while K-shell x-ray outputs are shown with
71084-85 ' blue circles. Hollow points indicate loads that were not designed for simul-

taneous implosion of the outer and inner wire arrays.
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X K-shell yield model is reasonably applied to

SS mass scan shots, Nested stainless steel wire array dataon Z
pre-refurb. Z,

unpublished

70 ]IIIIIIIIIIIIIIIII.IIIIIIIIIIIIIIIIlIIIIIIIIIIIIIIIIIIIIIIII

60 e . Zdata _
. — Model
g 50
-
< 40
>
= 30
@
v 20

10

0 L
6
Mass (mg)
= Waisman 0D code is used to estimate E;,z and thus n in the NRL scaling
model
= |nductive current switch between arrays; 25% momentum transfer
= No ablation model included ﬂ" Sk
Laboratories

= 1 mm final radius, motivated by pinhole imaging



In the Z-accessible regime, K-shell scaling for
Fe reduces to a simple expression

YK :fSijB
5= min(la m/mBP(Z’U))_) m/my (2 = 4)
f = min(0.3,

—> ¢(7,10ad) 22 E2 [m™?
C(Z,load)Zl'zE;’i%/MS/Z) j B/

. ijB/(ml/Amp)

7 Y, =c(Z,load) F(Z) n¥*mi

E,,(Z)

= J. W. Thornhill et al., IEEE T. Plasma Sci. 34, 2377 (2006). i) Netona
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K-shell yield model benchmarked to nested
stainless steel wire array data on Z
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e Nested mass scan :
e Inner array variation]

e Single arrays

10 15 20
n°%ml (mg)

25

= 0D idmlplosion model is used to estimate E;,; and thus # in the NRL scaling
mode

Inductive current switch between arrays; 25% momentum transfer
No ablation model included
1 mm final radius, motivated by pinhole imaging
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e K-shell yield model coupled with 0D
— Implosion simulation guides shot design on
the new Z

SS K-shell
scaling

Ro (mm)

Ro (mm)

01 2 37475 0 1 273747568 0 1 2 3 4756
Mass (mg) Mass (mg) Mass (mg)

= Waisman 0D model (older version, constant Zflow) was used to estimate E; g

and thus # in the NRL scaling model
= Lemke V,. waveform rescaled for 82 kV Marx charge
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" K-shell yield predicted with scaling model

SS K-shell and 0D simulation over m,R, parameter space
scaling

Predicted K-shell yield (kJ)

4 SR S—
’E S
30F
e F
E 20}
O &
o
10F-
- B 0.10
F | 82 kV el
O_ ;;;;;;;;; | T T S T T S S T TR S T T ST W | T T S S S T T | T S S R T T R | I T T ST S
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Mass (mg)
= Waisman 0D model (older version, constant Zflow) was used to estimate E,

and thus n in the NRL scaling model
= Lemke V,. waveform rescaled for 82 kV Marx charge
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" K-shell yield predicted with scaling model

SS K-shell and 0D simulation over m,R, parameter space
scaling
40
30F
e F
E 20}
O &
A
10F-
e sanae
= Waisman 0D model (older version, constant Zflow) was used to estimate E,

and thus n in the NRL scaling model
= Lemke V,. waveform rescaled for 90 kV Marx charge
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" K-shell yield predicted with scaling model

SS K-shell and 0D simulation over m,R, parameter space
scaling
Predicted K-shell yield (kJ)
405 |_ogeaptges - =
30F =
e F
E 20}
O &
o
10F-
o 1 2 3 4 5 6
Mass (mg)
= Waisman 0D model (older version, constant Zflow) was used to estimate E,

and thus n in the NRL scaling model
= Lemke V,. waveform rescaled for 95 kV Marx charge
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21422, Coverdale D, gas puff with Doppler split dopant lines

(a) Multi-frame Imaging Imploding z N

: ' ‘ . C.A. Coverdale et al., PoP 14, 022706 (2007).
time-resolved  slit array z-pinch C.A. Coverdale et al., PoP 14, 056309 (2007).
microchannel X-ray A.L. Velikovich et al., PoP 14, 022701 (2007).

plate detector source

Ellipticall
benﬁt crysktral

= Time- and space-resolved spectral
measurements with TREX instruments

= Doppler splitting analysis in preparation
(B. Jones et al.)

= Doppler splitting fit results for emissivity-
welighted average velocity (2-3 cm/us
errors):

Velocity (cm/us)

4 m Line t=-6ns t=-3ns
source- Ar He-B 71 58
Cl He- 66 55
to-crystal Ar He-u. 68 56

n

* Plasma decelerates as it staghates, also
seen in Chittenden 3D MHD

= Doppler splitting vanishes by time of peak
x-ray power (t=0) ‘

en on

t=-6ns t=-3ns

Radial distance x (mm) T

3.0 3.5 4.0

el AL Fle




Z1520, Coverdale Al shot shows Doppler split in Mg dopant

-9 ns -7 ns

Radial distance
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C.A. Coverdale et al.,
HEDP 6, 143 (2010)
discusses Apruzese
(NRL) analysis of z1520
gated, spatially-
Integrated spectra
(LePell TREX?)

Maron et al. (Weizmann)
analyzing spectral data
with 3-zone model

C.A. Jennings has
performed 3D MHD
modeling—interesting
to compare
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~6 mg, 20 mm Al single array with good TREX data

€
£ €> t =-13ns
»
Zone R(mm) [T,(eV) |[n;(cm3)
Core 1.5 300 7e19
o
E Interm. |45 150 4e19
L B NI TIAnEns oY | AR —Experiment | [ Halo | 10 50 4e19
E (d} - [ode|
0 'ﬁ-}"-r_ ------- —H&u—l—l—l—
715 720 7.25 770 7.75 7.80

= Doppler shifted absorption at foot of x-ray pulse reveals 30+ 10 cm/us

velocity in trailing mass (B. Jones et al., in preparation)

= Maron et al. (Weizmann) analyzing spectral data with 3-zone model,
determining plasma conditions in each zone (verify these numbers)

= C.A.Jennings (Gorgon) and E.P. Yu (ALEGRA) performing 3DMHD |

modeling—interesting to compare
= Also compare to S.B. Hansen line shape modeling?
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0
11/18/08-12/12/08, Z1857-1866, A0012, AOO37 shot overview

Shot |[A# Wire | Array | Wire |Wire | Array Cath. | Total | K K-shell
mater-| dia. # dia. mass Step |yield |yield | 10-90%
jal (mm) (um) | (mg/cm)| (mm) | (MJ) | (kJ) |rise (ns)

z1857 |A0012-1| SS304 |65/32.5 [200/100]| 8.15 1.24 None | 2.0 4816 | 2.34%+0.07

z1858 |A0012-5| SS304 |65/32.5 [200/100| 8.15 1.24 2x2 | 1.2 30+3 | 2.9+0.1
z1859 |A0012-3| SS304 |65/32.5 ©400/200| 8.15 2.48 None | 2.3 18+2 | 2.1+1.3

21860 |A0012-6| SS304 |65/32.5 [200/100]| 8.15 1.24 2x2 | 1.8 61+5 | 1.51+0.09

z1861 |A0012-2| SS304 |65/32.5 [200/100| 8.15 1.24 None | 1.8 654 | 1.95+0.09

21862 |A0012-4| Cu 65/32.5 [112/56 | 10.35 | 1.26 2x2 | 2.0 25*+5| 3.7£0.2

JAO037-
EXTRA
z18637|/A0037-1| Cu 65/32.5 [112/56 | 10.35 | 1.26 2x2 | 1.5 20£3 | 2.32+0.09
z1866'7|A0037-2| Cu 80/40 [112/56 | 10.35 | 1.26 2x2 | 2.0 10+2 | 2.5+0.1
Goals: * Includes reduction from 28.5 kJ for axial length variation from TIXTL

First shots since Z refurbishment to study K-shell wire array sources "9 post convolute
Begin to study SS and Cu wire arrays on the new machine (SS mass scan at 65 mm dia., Cu large dia.
Study z-pinch stagnation with x-ray spectroscopy (TIXTL, TREX)
Assess cathode bubble (not really seen in most ZR shots)
All loads 20 mm tall, 82 kV Marx charge, pre-pulse suppression, older feed
Cu had ~4% Ni dopant

TIXTL filter transmission correction assuming all photons at:
Fe He-a 6.7 keV (SS), or Cu He-a 8.4 keV (Cu)

2 laboratories
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vwef ¥ 360 TIXTL processing — filter transmission factors

= Plot 1: TIXTL K-shell spectrum vs. photon energy.

= Plot 2: Filter transmission x diamond absorption curves, also multiplied by spectrum

= Plot 3: Integrated: spectrum (solid), spectrum x filter #66 transmission x diamond absorption (dashed), spectrum x filter #13 transmission x diamond absorption (dotted). Colors correspond to
integration over ranges shown below.

= Average filter transmission values are shown in text below. Original value assumed Fe He-a only. Corrections not too big.

= Do EEX
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NRL benchmarked 1D RMHD calculation can do a
reasonable job of estimating the K spectrum

= Reasonable to use simulated spectrum if it is experimentally
demonstrated that the calculated spectrum is reliable

= Measured K-shell spectra agree well with pre-shot simulation; energy
In the main lines and net K-shell yield are correct

= More physical line shapes with multi-frequency post-processing
Experimental data used in post-shot RES testing analysis

— Experimental data
NRL RMHD model (pre-shot calculation) =

%-; 500 T T T T T T g
S 400 |
-‘?f 300 s .
S 200 2T .
€ 100 S0 .

F—_— ) P2V N IR |

0 M M
9,9 6.0 0.5 7.0 1D 8.0 8.5

Photon energy (keV) =
li'| bshaat'}dulr?al
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NRL benchmarked 1D RMHD calculation can do a
reasonable job of estimating the K spectrum

= Reasonable to use simulated spectrum if it is experimentally
demonstrated that the calculated spectrum is reliable

= Measured K-shell spectra agree well with pre-shot simulation; energy
In the main lines and net K-shell yield are correct

= More physical line shapes with multi-frequency post-processing
Experimental data used in post-shot RES testing analysis

— Experimental data
NRL RMHD model (pre-shot calculation) =

%; 500 F o — With multi-frequency post-processing "I
= 400 -
%‘ 300 3 E" -
200 TT -
< 100 Z L ’

ettt s n AN s iann ]

0 2 "
9,9 6.0 0.5 7.0 1D 8.0 8.5

Photon energy (keV) =
m bshaa’ﬁdulr?al
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/1861 pinhole camera image overlay

2 3 4
MCf3.psd z1861MLMRf2MLMCf4.psd  z1861MLMLf6MLMCf5.psd  z1861MLMLf7MLMCf6.psd

I\/ILMRf7 -3.62 ns MLMRf2 2 80 ns I\/ILMLf6 O 62 ns MLMLf? +0. 38 ns

L1 | e 2 1861 Lmymr |- R dlliesy (3, 2] g | g
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FWHM=1.74mm

6

FWHM=2.43 mm

TREX 6A f6 '
Fe H Pdse0 7 1
. o
. i € €-a i ' ' ; - 4 — % [PCDRS&13E050 —E
Plot 1: Hollow shell seen during final implosion. Frame times are 0.5 &8 PCDPSaTSn72 ]
mismatched by 1.3 ns, but still looks ok. Note that hollow K-shell images - PCDESA TS 109 .
suggests that we should be able to see Doppler splitting at this time. L PCOCSA15112
TREX 6A f 5-6 maybe has c-shaped lines with red side attenuated. Might | PCOCSABEDS o
have to have much larger gain to seeit. e ¥ — # PCDOSAGEOEE =
= Plot 2: Very good match of 277 eV and K-shell frame timing, Still see ' =
hollowness in region nearer anode on both images. Below that, a region B
with little trailing mass has hit the axis and is generating stronger K-shell -
emission there. Note cathode zipper too. L
= Plot 3: Good timing match just before peak x-ray power. There still are 04—
some fingers of imploding cooler material; peak x-ray power seems to L
correspond to when all material has reached the axis. TREX 6B frame 3
should be at this same time. Compare K-shell FWHM to check for timing B -
consistency. No hollowness observed in either TREX or PHC at this time. - é
= Plot 4: K-shell image has similar time to TREX 6B frame 4, which startsto 0.2~
see hollowness. Lineout of K-shell image suggests hollowness (plot 5, L
6mm; plot 6, 5 mm above brightest spot) though there is clearly a lot of 3D L 0=
structure. Apparently larger diameter of K-shell emission than 277 eV may 3
be due to timing mismatch. N —— S =
= Plot 7: Shows timing of MLM and TREX frames relative to x-ray pulse. TR i
Could delayed L-shell be real? Time (ns}
GRS 2008; [Kha: Ney 27 DR 2008
I and TS Docyrnan e Ruy101 Z_s0037_RESET_N eted S50 2008 0221831, pTt
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65/32.5
mm dia.
SS
nested,
2.48 mg

TREX 6B

BMAVE=0
extrap.
2987.0 ns

TEP peak
3091.4 ns
104.4 ns

PCD peak
3091.4 ns
104.4 ns

Hollowness appears after peak

3088.7 ns
-2.7ns

3089.6
-1.8

3090.6
-0.8

3092.7
+1.3

3093.7
+2.3

3094.6
+3.2

x-ray power. Brightest
continuum at peak power.
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Cf2.psd z1859MLMRf2MLMCf4.psd

I\/ILMRf4 -8. 16 ns MLMRf2 4 14 ns

Winow] of |21

=t . "

3

z1859MLMRf4MLMCf5.psd

I\/ILMRf4 2 16 ns

Z1859 pinhole camera image overlay

4

MLMLf7 -1.04 ns

z1859MLMLF7MLMCf6.psd

= Plot 1: Hollow shell not obvious for very early frame; maybe it is
but signal to noise is low. 277 eV image may be occulted, and K-
shell image alignment is a guess. This is very dim and could be
precursor emission; it is larger diameter than next few frames.

= Plot 2: K-shell excited on axis; no hollowness; small diameter;
bright spots. Maybe cathode early pinch.

= Plot 3: K-shell excited on axis; no hollowness, small diameter,
bright spots. Note that K-shell image shows dim emission out to
radius of 277 eV; could be scattering. K-shell image alignment
could be low ~0.5 mm due to parallax.

= Plot 4: This may be the point at which opacity becomes significant
and clouds of cooler material are blocking K-shell emission from
the core. This is first K-shell PHC frame after peak K-shell power,
which might be when plasma becomes opaque to some K photons.
TREX 6B f3 at -1.6 ns starts to see C shapes. Neither MLM nor
TREX looks hollow yet. K-shell core size may be larger, mass
accretion in the core.
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ek 71859 pinhole camera image overlay

S 4
z1859MLMRfAMLMCf5.psd  z1859MLMLf7MLMCf6.psd

MLMRf4 -2.16 ns MLMLf7 -1.04 ns
21§58 mimr |- Feaid palbes) (3, 2 1 - || Window)of |2 miril |- earid Malbeay (2 2)

5

z1859MLMRSMLMCf7.psd

MLMRf5 +2. 86 ns MLMRf6 +3 84 ns

6

z1859MLMRf6MLMCf8.psd

= Plots 3-4: Same as on last page.

= Plot 5: Timing mismatch to nearest 277 eV frame, but K-shell frame clearly
shows hollowness particularly in upper 6 mm which is viewed by PCDs
and TREX (5a-b shows K-shell lineout). TREX 6B f4 at +0.4 ns is the first
TREX frame from this shot to show hollowness. Compare PHC and TREX
lineouts once TREX is processed. Looks like pinch is expanding
compared to previous frame; could be mass accretion or instability
growth or bounce with cooling in the core. Need to consider carefully
whether TREX C-shaped lines are due to exFandlng plasma or blue
absorption in the core with imploding Doppler shifted plasma.

= Plot 6: Could be clouds blocking core; hard to align images. Maybe better
to look at K-shell image separately. K-shell looks larger diameter; could
be timing mismatch. Hollowness? TREX 6B f6 at +2.3 ns looks like
hollowness is going away in favor of more complex asymmetries. Pinch
is expanding with growing instabilities. Presence of arcs viewed at 12
degrees in plots 5-6 implies K-shell opacity. Flat top of 277 eV lineout
near peak x-rays (5c-d) implies opacity (surface radiator with
photosurface) at 277 eV photon energy.

= Plot 7: Timing plot.

= Linear fit to FWHM/2 of MLML/R suggests implosion velocity of 21-33
cm/um. This is rough, by hand. Need to do more carefully and document.

= Linear fit to FWHM/2 of MLMCf6-8 gives 34 cm/us expansion velocity.
Linear fit to FWHM/2 of MLMRf5,6,1,8 gives 21 cm/us expansion velocity.
Is this a real expansion velocity due to a bounce, or the phase velocity of
the accretion front? Is the velocity consistent with TREX Doppler effect in
C-shaped lines?
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—mgm50 >,

65/32.5
mm dia.
SS
nested, 3117.8 ns
4.96 mg -3.5ns
TREX 6B

3118.7
BMAVE=0 ¢ 2
extrap.
2991.2 ns 3119.8

3

-1.6
TEP peak
3121.4 ns 3121.8
1302ns 405 4

PCD peak 3122.8
3119.2 ns +1.4
128.0 ns

3123.8
+2.4

PCD power peaks earlier than total power—
real? Hollowness appears after peak x-ray
power. All lines appear C-shaped after peak
power, blue side attenuated. Could be:
Emitting region is accretion front which has
radially inward velocity even as pinch size
grows, emission from far side absorbed in cor

Zlgsa TRk D




"B LREX 6B;ellipse u Ge 220, SS K-shell, film processing

Lo Line Qut |';||'E|p_(| AT [= [EIX| 3 (ficiency Conversion Optioes 2 |[EIK]
z1861_4xBb — Regrid Values: {1, G ik S -  Fm
I — Faut Pt Lirslut Wicth Snbect Shgm = -
TRET 12 e BN svake [TRO0S wth [I00000 || ey S -
¥ovakoe: (BB 2077 # Aoach  Horzortal = w26 =] hichrms el [S10
P 1 Vi |  Medan " Vasicd s : wifrre =] Thickness nicnons] 00000000
_ Bl ~fe 3 ¥|o|a|a] ]| ol s]s] Sl me——=
_ 0.CC8| WO saegT T -|| E—— E—— e Jantreg sureres jon = ‘-.r o ] | e
E 0.008] 1 Pone Angle «[7 SHEET
5} X Windaw of 21861 _kxfb — Regrid Yolues: (1, 1) \ :
E 20 i 7 Capstal Fiaflectooty and Spactiometes Greomenny
£ 0.004] i || A
> ) Pire.
0oz | 100, o
0.000 ::J:J
3
- I Sold Argde Conection
1=10* X (2><.m‘ ) Il 0* ot
Eeds <) ﬁmmmmﬂfu.ﬂé;ﬂ;@wmmm >) .
. T T T r r
. I30. o 1=t i-iw‘ gt a1t o | e - |
e e o _
~ Z1§(§[)%EXGb_unp_MAG_flbottom_f3rOdrlO_ufg ."el T Q There are no available reflectivities for the sslected crystal
= E El o
£ 0,004 3 i
g 3 5 ol |
~ 0003 F 3 % \
0.002F E s \ Baground subtracted from all
3 \ ! | frames; could do better with
0001 E o each frame individually
z1861tx6b_unp_MAG_flbottom.pff neoes Tx10 20t IR0t e A U PO ; s .
= Process entire film at once o
= Converted from OD to exposure, saved as z1861tx6b_unp.pff L ' —
= MAG=0.347 correction applied, R (mm), saved as 3.025 —
z1861tx6b_unp_MAG_flbottom.pff = =
= Exposure < 1 so data should be ok 3.020 —
= Lineout over frame 3 image, r=0, dr=10mm, for EXRAY = =
dispersion axis assignment for entire film. No skew removed 5 q15 [ 7
here, lineout location is through r=0 by eye. Saved as = =
z1861tx6b_unp_MAG_flbottom_f3r0dr10.ufo ».070 - =
= EXRAY: Pick reference: Fe Ly-a,1.77804 A, film position 14487 " = =
um ) . 2.005 |— |
= Detector radius 8.00; this is to match Fe He-b, Fe He-g, Cr He- = : pa
b, maybe other wavelengths; saved as Mo =AW LER S . =
z1861tx6b_unp_MAG_flbottom_f3r0dr10_lam.ufo; 14 I oz
z1861tx6b_unp_MAG_flbottom_lam.pff
= Efficiency correction (filter 1 mil Kapton+2 mils Be, MCP,
geom, NO AVAILABLE XTL REFLECTIVITY), saved as = T T T ——
z1861tx6b_unp_MAG_flbottom_f3r0dr10_lam_effcor.ufo; 25— —
21861tx6b_unp_MAG_flbottom_lam_effcor.pff E ,5 d mj. —
= @z1861_tx6b_hv20100424.pro; Convert to hv, subtract typical sp— Y@ Ulizs = > e
background saved as F T 3 il v o ch. a5 =
z1861tx6b_unp_MAG_flbottom_lam_effcor_hv_bgd.pff E M= g‘ | % j P [} w 4
= Took lineout by hand centered on frame 3 and saved s = Qo - I B3 4
z1861tx6b_unp_MAG_flbottom_lam_effcor_hv_bgd_f3r0dr2.u = i g £ = @ =
fo, plotted at bottom with 1.0 (@) == = c u —
@z1861_tx6af3byhand_lambdacheck_hv20090827.pro = ‘ =
0.5 \[\ =
0.0 ‘%wa A s e T : : -t ‘ ‘ en| 3
5.5 5.0 5.5 7.0 i al 8.0 B.5
Photan energy {kev} 21861tx6b_unp_MAG_flbottom_lam_effcor_hv_bgd_f3r0dr2.ufo




!“ Comparison of synthetic and experimental

Fe Spectra for ZR#1861
Calculated Experiment

Inter. — He-a  AE=33 eV
0.2 T T T Igqf T T I R T ITTTTTTITIO k . = 4=y

-

-0.2 -+

Q
O
T 1T 1111

t=-0.75ns

Radius (cm)
o
o

LI I I L

g t=-1.8 ns
I
|
i
i

- t=+1.3ns

-
(=
T TI1T1TT1.1

6645 6665 6685 6705 6725 6745
Energy (eV)

“t=0 ns” corresponds to the time of peak K-shell power

= J.W. Thornhill et al., ICOPS 2010 poster.

= Caveat: Need to assess error bar on assigning dispersion axis to .
determine whether we can really claim there is absorption of line on red Ah S
side. Laboratories




!“ Inclusion of Doppler shifts dramatically alters synthetic spectra

.10
0.05
Q.04
—-0.05
—0.10
0.a5
G.c0
—~0.05
—0.10
0.05
Q.00

Radius (cm)

—0.45

Fe ZR#1861
With Doppler Without Doppler
Inter. He-a Inter. He-o

:III||II|||| |II|: :||||||||||| ||||: D.ﬂﬂ
3 E - 3 0.05
- ] t=-1ns f ' ‘ .] 3 0.00
? = 3 1-0.05

3 ] - |,-+:14a -
— H- ;::: I:::::Hn.nu
‘ E o | 3 0.08
- 1 t=0ns F . ‘ ' 3 0.00
3 3 3 | 3-0.08

= ] - 1.=1.00 .
= } = ; — | — | — — ; .__u1luu
5 % g 3 0.08
3 3 t=+1ns [ Ehel
- E g 1-0.08

- : UDB | ] E = :
u. 1 1 1 | e 1 1 | T I I B L T | I 1 1 L 111 Hu -nu

G645 GBS  BGBS G705 RT25 6645 G665  6GBE ema 6725
Energy (eV) Energy (eV)

| is the intensity divided by the peak intensity att =0 ns

= J.W. Thornhill et al.,

ICOPS 2010 poster.
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X Larger diameter (80 mm) nested Cu wire array had

reduced vyield, less uniform implosion

B. Jones et al., K-shell Total radiation

ICOPS 2009. [piameter mm)| Power mw) | Yield (3) | Power (tw) | Yield (kJ)
65 5.3 28.5 210 1950
80 1.9 9.6 150 1980

65 mm diameter nested Cu, 2.5 mg, z1862
-8ns -7ns -6ns -5ns -4ns -3ns -2ns -1ns Ons

JEODNN

277 eV | 277 eV

80 mm diameter nested Cu, 2.5 mg, 21866 |

= Large diameter wire arrays with large interwire gaps may suffer from
severe magnetic Rayleigh-Taylor instability

= 3D MHD modeling may help identify nesting geometries with Sandi
improved MRT mitigation (J. P. Chittenden, C. A. Jennings) ) fe_




o Bright spots may dominate Cu K-shell emission

even for the better performing loads

B. Jones et al.,
ICOPS 20009.

-8ns -7ns -6ns -5ns -4ns -3ns s -1ns Ons

Power/Yield
Diagnostic
Aperture

keV 277 eV | 277 eV 8.4 keV

= |t is difficult to ionize to He-like Cu, and the charge state i
will be sensitive to local plasma conditions i) Natora




4/1/2009-5/1/2009, Z1905-1920, A0046 shot overview

Shot |A# Wire | Array | Wire | Wire | Array Cath. | Total | K K-shell
mater-| dia. # dia. mass Step |yield |yield | 10-90%
jal (mm) (um) | (mg/cm)| (mm) | (MJ) | (kJ) |rise (ns)

21905 |A0046-A| Cu 65/32.5 (112/56 | 11.43 | 1.53 2x2 | 2.2 12+2 | 3.1+£0.7

21906 |A0046-B| Cu 65/32.5 [88/44 | 10.26 | 0.97 2x2 |15 62 | 2.4%0.2

z19197|A0046-C| Cu 65/32.5 [88/44 | 11.43 | 1.20 2x2 | 1.8 16+4 | 2.46%0.06

21920 [A0046-D| Cu 65/32.5 88/44 |11.43 |1.20 2x2 | 1.9 14+4 | 4.210.1

* <5% correction for K-shell axial structure (TIXTL)
T Scalloped middle anode to lengthen magnetic nulls
= Goals:

= Cu mass scan for 65 mm nested arrays
= Start to study Cu L-shell (TIXTL)
All loads 20 mm tall, 82 kV Marx charge, pre-pulse suppression, older feed

Cu had ~4% Ni dopant
TIXTL filter transmission correction assuming all photons at Cu He-a. 8.4 keV

Sandia
ﬂ'l National
laboratories



Cu mass scan shows significant deviation

between experiment and model at lower mass

B. Jones et al.,

ICOPS 2009. 82 kV
= [ ARARREEAS e AARAAAAAL = Significant shot-to-shot variation
% 30 i T 1 IS apparent at ~2.5 mg
E 20 + ijﬁf?oor@; - = May result from bright spot
%" ol e, ; : emission of Cu K-shell x-rays
= L # ¢ { = Dropin K-shell yield is expected at
x  0bnens e e N higher mass due to reduced n and
= 2ﬁ1Tota||;:»;i-I° 1 radiative cooling
s | YEE 1 = Drop in K-shell yield at lower mass
> 1L / disagrees with scaling model
L% _ 003\*6 | = Seen also with SS loads pre-
0 refurbishment, but less severe
= 25] = Convolute losses are large
= f = Circuit model used for 0D
:g 20 | calculations needs improvement
% : = Comes close on load current
o 15p7 o o : but not on MITL current
0 1 2 3 4 This OD modeling is with _
Mass (mg) constant Zflow; newer AOABL (g {S,agé‘ﬁsgm

has variable Zflow



ol 21905 TIXTL L processing — final

= Plots 1-2: Background subtraction performed using lineout above the image. Saved as z1905_t13ar-t_300_rs_lam_ODe_ec_bg.pff. Also converted to
intensity vs. hv including dA=A%/hc*dE factor, saved as z1905_t13ar-t_300_rs_lam_ODe_ec_bg_hv.pff

= Plot 3: Lineout over 6 mm near anode, saved as z1905_t13ar-t_300umslitprep_rmnlskew_lambda_ODtoExp_EffCorr_bg_z21dz6.ufo. Lineout also taken over
full 12 mm pinch height, saved as z1905_t13ar-t_300umslitprep_rmniskew_lambda_ODtoExp_EffCorr_bg_z18p5dz12.ufo.

= Plot 4: Same lineout converted to spectral intensity (arb. units) vs. photon energy including dA=A%hc*dE factor, saved as
z1905_t13ar-t_300umslitprep_rmniskew_lambda_ODtoExp_EffCorr_bg_hv_z21dz6.ufo. Also taken over full pinch height (red curve), saved as z1905_t13ar-
t_300umslitprep_rmnlskew_lambda_ODtoExp_EffCorr_bg_hv_z18p5dz12.ufo

= Plots 5-7: Correction factor for axial structure 0.9885 (was 0.9895 with OD background-subtracted prior analysis) calculated by integrating 6 mm aperture
(black) and 12 mm full view (red) lineouts. This says that there is much less L-shell structure than K-shell structure.
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WQS TIXTL processing — merge L and K spectra, norm to PCDs

= Using lineouts that capture the full height of the image in order to include SS K-shell lines near the cathode and see if that makes a significant difference.

Still normalizing to PCD yields with axial variation correction (<5%). L-shell fitting for in gap is the same.
= Plots 1-4 use exponential, saved as z1905_TIXTLLandKnormPCDBJ20090701exponentialFullHeight.ufo
= Plots 5-8 use power law, saved as z1905_TIXTLLandKnormPCDBJ20090701powerlawFullHeight.ufo

= There is some funny problem with offsets when including the full height, which leads to negative bias and negative slope in the integrated curves. Problem

is not too severe. Still only using lineout above image for zeroed point correction. Problem gets worse if | average in lineout from below image.

Axial

quickscan
of film

Radial

1

Proton emergy (kev)

1

Proton emergy (kev)

m SissasEREERERREREREEREEERRRERBRERERRER
1000000 = T T = 1000000 = T =
YL(kJ filter)= | 203.08946...should be =  203.030 E - T YL(kJ/filter)= | 203.01783...should be=  203.030 E
e WJrhwsdke 313.94699 1 B | e ik 1 312.12414 E
b YL(kJ,hv=1-7ke¥=__ 305.97070 A srabs . 304.62814 -3
= YK(KkJ filter13)=| /4. ..should be =  4.43640 E E YK(KJ filter13)=| /4. ..should be =  4.43640 E
oo YK(kJ filter66)= ' 5.5475874. 5heuld be =  5.37017 — m.w;J YK(kJ filter66)= ' 6.0655556...should be = 5.37017 -
E YK(kJ,filterAvg)= 4.9628706...5hou|‘d‘~b§ 4.667 E E YK(kJ,filterAvg)= 5.2506643...should be=—__4.667 E
e YK(kJ,hv>3keV)=  11.796227 e = E YK(kJ,hv>3keV)=  13.490011 B E
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0
8/21/09-8/26/09, 3/30/10, 6/1/10, Z1975-77, 2080, 2103,

A0065, A0118 shot overview

Shot |A# Wire | Array | Wire | Wire |Array [Pinch | Total | K K-shell
mater-| dia. # dia. mass height| yield | yield | 10-90%
jal (mm) (um) | (mg/cm){(mm) | (MJ) | (kJ) rise (ns)

21975 |A0065-A| Cu 65/32.5 96/48 11.30 | 1.28 20 1.9 26x3 | 3.2+0.2

21976 |A0065-B| Cu 65/32.5 [112/56 | 11.30 | 1.50 12* 1.6 25%+6| 2.2+0.3

21977 |[A0065-D| Cu 65/32.5 96/48 11.30 | 1.28 12* 1.6 31+4 | 2.39+0.06

22080 |A0118-A| SS304 [70/35 108/54 | 8.41 0.71 12* 0.8 53+8 | 1.90+0.08

22103 |A0118-B| SS304 [70/35 108/54 | 7.96 0.64 241 1.0 77+10| 1.93+£0.08

*Angled anode, 20 mm initial outer array height reducing linearly to 12 mm at r=1mm
Goal T 24 mm tall load, flat anode with taller return current can
u oals:

= Study pinch height variations for Cu and SS loads
= Study gated Cu L-shell (TREX)
= Study SS K-shell side-on vs. end-on (z2081-82, 70/35 mm, 0.7 mg/cm, but

good data were not obtained)

*TIXTL not processed

All loads 2x2 mm cathode step, 80 kV Marx charge, no pre-pulse suppression,
newer feed

Cu had ~4% Ni dopant

All shots except z1976 use TIXTL spectrum to calculate PCD filter
transmission/diamond absorption correction (< 10% different than assumlngﬁH—
photons at He-a energy) =) Sandia

Z1975-77, PDI K yields were about 5 kJ lower than PCD yields above romiee

2 laboratories
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e =
ny 4

Z load hardware was modified for 12-24 mm pinch
length, with angled anode preserving diagnhostic view

RO,outer = Load
32.5mmto current

B-dot
12° Q _

7
Diagnostic
View

Cathode

= All arrays are nested with 2:1 mass per unit length ratios (outer:inner)
= @70 o0n 35 mm stainless steel wire arrays at 12, 20, 24 mm length
= @65 0n 32.5 mm Cu (4% Ni) wire arrays at 12, 20 mm length

B. Jones et al., - Sandia

ICOPS 2010. Laboratories




| Angled anode lowers inductance, provides nearly
Identical L-dot to flat anode with reduced AK gap

R =

O,outer

32.5mm

12° z

\[3;2\%”03“0 Ié
10 100
Radius (mm)
B. Jones et al., dL _ dL dR — Vd_L
ICOPS 2010. dt dR df dR

Sandia
= Lower L-dot may reduce convolute current loss F ) Natona

laboratories




Pre-shot models reasonably predicted trends
In SS pinch length variation experiments on Z
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Cuis higher Z, more sensitive to n,

benefits more from lower load inductance
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+1.4 MA load current measured for shorter Cu pinch
due to reduced inductance at stagnation

B. Jones et al., _
— 12 mm pinch length, angled anode

ICOPS 2010. :
— == 20 mm pinch length, flat anode
25— I
5 = gl Angled
— 20F -
2 ol g
< 15} 2 4}
= : o)
S 10} =9
3 of 7
: x 1 /
ok 0 -y N [
100 105
Time (ns) Time (ns)

Sandia

= 0D model predicted +1.0 MA for 12 mm pinch length vs. 20 mm |3} Natona
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Cu K-shell power per unit length nearly doubled
for shorter pinch length

B. Jones et al., _
— 12 mm pinch length, angled anode

ICOPS 2010. _
— —— 20 mm pinch length, flat anode
25 ~r———1———1—7 — , ——r—r
: !\\65 55_ Angled
—~ 20F . = §
< » e -5 ~—~
s . s 24
= : o) 23-
S 10} 38 3
3 2T 2T
St 1 9 21}
e ¥ o g
OE X OQbes=2”, ., , . 1
0 20 100 100 105
Time (ns) Time (ns)

= 0D model predicted +9% implosion velocity for 12 mm vs. 20 mm |f Natora
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Greater compression and higher density were

achieved in the shorter pinch

10-2 A t Y i I,n,ll 1 ||'

radi
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B. Jones et al., "\\\ !
ICOPS 2010. 107

Cu ion density (cm?)
= [Inferred K-shell mass participation is 85, 70% for the 20, 12 mm loads
= Structure in images may mean higher density bright spots, lower mass fraction
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Cu L-shell at -3 ns shows significant differences

B.Jones etal., in radial structure and line intensities
ICOPS 2010.

20 mm tall Cu

12 mm tall Cu
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Cu L-shell lines show Doppler splitting,

B.Jonesetal,  oval signature of imploding shell
ICOPS 2010. Cu 3F Cu 3G
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Cu“tshell shows ~10% greater velocities for the shorter load

B. Jones et al.,
ICOPS 2010. Cu 3F Cu 3G

Cu3F Cu3G S E
VA al . — k
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= Gradients in n,T,v could lead to 13 14 —

inferred differences in velocities N (A) i) Netona
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s Doppler splitting of L-shell lines in Cu/Ni wire
array implosion provides average radial

velocity
Ni 3F Ni 3G

B. Jones et al.,
HTPD 2010.

C OA
V= < 78 £ 2 cm/us 75 %2 cm/ps

VN 3&

136 13.7  13.8 139 140 141 142
A (A) Ne-like Ni
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e, Basis set for time- and space-resolved x-ray

spectrometer—Doppler effect in moving
B. Jones et al., shells

HTPD 2010.

= Consider the sourceto
be a sum of moving
shells—spectrometer
resolves Doppler
splitting and spatial
structure

= Analytical forward

> 1F ] x . Oj XA d?] transform of emitting,
2 g ~3 iz dy moving shell from (r,v)
g .f_::, é@ (arb. units) space into (x,A) space
w -y = 0 . on the detector
> 20f 1 sE'TN AT = Convolved with
SE | §‘_ v/ representative
2L | = % ' A/AA~1000 spectral
> 0L : < S oK\ resolution, 200 um
0 5 Z7 -3 0 3 spatial resolutio
Radius (mm) ~ X 8/, (10°3) P rh|




B. Jones et al.,
HTPD 2010.

Smoothing for 400 um spatial, A/AA=1000 spectral

.
va~AliitiAann

forward transform

BASEX forward transform is used to study
plausible plasma ¢,v profiles encoded In

| r%g»?ﬁodel
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e
(/12/10-7/16/10, Z2119-2123, A0131 shot overview

Shot [A# Wire | Wire | Wire| Top | Can | Angled| B-dots | Total | K K-shell
mater-| # dia. | REH+| thick| can yield | yield | 10-90%
jal (um) | TREX| (mm) (MJ) | (kJ) |rise (ns)

Z2119 |AO131-A| SS304|108/54| 84| X X Horiz. | 1.4 78+8*| 1.50+0.06

72120 |A0131-B| SS304|108/54| 84| X X Horiz. | 2.1 90+9*| 1.29+0.06

Z2121 |A0131-C| Brass |100/50| 8.4 H+V 1.7 18+4 | 5.5%0.3

1
1
1
1

Z2122 |A0131-D| Cu(Ni)| 60/30 | 10.2 H+V 1.8 41+7 | 3.7+0.2

Z2123 |A0096-B | Brass |100/50| 8.4 3 Vert. 1.7 24%4 | 5.2+0.3

* Dave Ampleford is getting lower PCD yields; analysis is being reviewed.

Goals:
= Assess effect of angled can on testing environment, perform tests for HSC
= Evaluate Cu K-shell output from larger diameter array, as studied March 2010 with SS
= Compare Cu/Zn K-shell output from brass array with higher wire number
=  Study line widths using end-on and side-on TREXs
= Commission CRITR-RR (radially resolved), compare various spectrometers
All loads 70/35 mm array diameters, 20 mm tall, ~0.69 mg/cm, similar to 3/10 SS
80 kV Marx charge, NO pre-pulse suppression, newer feed
Cu had ~4% Ni dopant; Brass was ~70% Cu, 30% Zn; All had 2x2mm cath.step
TIXTL filter transmission correction assuming all photons at:
Fe He-a 6.7 keV (SS), or
Cu He-a 8.4 keV (Cu, brass)
= Averages of four PCDs, filtered with:

2 X 5 mils Kapton, 2 x 10 mils Kapton (SS), or
1 x 5 mils Kapton, 2 x 10 mils Kapton, 1 x 30 mils Kapton (Cu, brass)

< Sandia
National
2 laboratories




Shot [A# Wire | Wire | Wire| Top | Can | Angled| B-dots | Total | K K-shell
mater-| # dia. | REH+| thick| can yield | yield | 10-90%
PDI fielded ial (um) | TREX| (mm) (MJ) | (kJ) |[rise (ns)
Z2119 |AO0131-A| SS304(108/54| 8.4 | X 1 X Horiz. | 1.4 788 | 1.50+0.06
Image plate 6}(104:_ IP ||neOUt aCT'OSS_E
| wider slit image]
5 6?‘5 i 27 tglvkground linear ploté
1 > 1 1 N i
jq:) jI_qu:)j jq:) ol —
— LCCG')G.) i 0 50 100 150 feda’sy
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L] E £ F H A
AR LA contrast | : seenoreine |
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. T = n
| v 2492 lineout
2492 (front) of  background linear plot
ﬁ . § & : a] Z.0=10 4.0 10 [Realal 8.0=1 1.0 1.2=10
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g 2492 lineout
. hv 3l seelessines’log plot
- _I'mégé_ plate is being studied to replace TIXTL film e ] [
= These data will provide IP vs. film comparison | LaDORatOMES




! ‘_l“ B Wire | Wire | Wire| Top | Can | Angled| B-dots | Total | K K-shell
PDIfielded, | mater-| # dia. | REH+| thick| can yield |yield | 10-90%

6xCalorimeter | jal (um) | TREX| (mm) (MJ) | (kJ) |rise (ns)

72120 |A0131-B| SS304|108/54| 8.4 | X 1 X Horiz. | 2.1 9049 | 1.29+0.06
- — 22120 . 2950 3000 3050 3100 L= R .
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= Lo Wire | Wire | Wire| Top | Can | Angled| B-dots | Total | K K-shell

PDI flelded mater-| # dia. | REH+| thick| can yield |yield | 10-90%

6xCalorimeter | jal (um) | TREX| (mm) (MJ) | (kJ) |rise (ns)

Z2120 |A0131-B| SS304(108/54| 8.4 | X 1 X Horiz. | 2.1 9049 | 1.29+0.06
- . zz{o_—im\ TXB5Af1

<2 T —

05 =

% 8 -

r . TX6Af6 £

c ®© » =

@ Qe : ! =T o

L ®© 1 PR 51 s P

E % /‘ Prellmlnary line identification
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O q>) { o X Axis

ﬁ [ A = Not obvious in quick look that line shapes are

ln_: 3 - P narrower from top view

c > = Need to process film with EXRAY and look at line

QT shapes in detalil

% 2 = Need to check timing with NSTec

O s hy = Consider spectral resolution; u Ge 220 has been

\i.zlnn :

characterized some, but nott Ge 220




Horiz. B-dots come in low vs. Vert.
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CRITR (axial) and CRITR-RR
(radially resolved) have ~7-20
keV spectral range, high
sensitivity, O deg. view
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Shot [A# Wire | Wire | Wire| Top | Can | Angled| B-dots | Total | K K-shell

mater-| # dia. | REH+| thick| can yield |yield | 10-90%
PDI fielded ial (um) | TREX| (mm) (MJ) | (kJ) |rise (ns)
Z2121 |A0131-C| Brass [100/50| 8.4 1 H+V 1.7 18+4 | 5.5+0.3

s T~ B e WKAP P
515:—%——x BIAVE_HCRIZ *“*“Eﬁm_*_% _;|:I N
< cF ElLan
0 Timesc(}ns) 100

Gated ol

o dxT e X /



Shot [A# Wire | Wire | Wire| Top | Can | Angled| B-dots | Total | K K-shell
mater-| # dia. | REH+| thick| can yield | yield | 10-90%
PDI fielded ial (um) | TREX| (mm) (MJ) | (kJ) |[rise (ns)

72122 |A0131-D| Cu(Ni)| 60/30 | 10.2 1 H+V 1.8 41+7 | 3.7£0.2
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Shot [A# Wire | Wire | Wire| Top | Can | Angled| B-dots | Total | K K-shell
mater-| # dia. | REH+| thick| can yield | yield | 10-90%
PDI fielded ial (um) | TREX| (mm) (MJ) | (kJ) |[rise (ns)

Z2123 |A0096-B | Brass |100/50| 8.4 3 Vert. 1.7 24+4 | 5.2+0.3
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Should we try brass again, or is there something funny

about that wire?
@ R \ 6._ Cu \@ Brass

277 eV

277 eV
SOy 1.... cum

277 eV

= SSshows nice imploding shell, little or no cathode non-uniformity

= Cu shows less well defined shell and longer K-shell x-ray rise, perhaps due to low wire
number, little cathode non-uniformity. Try 65 mm Cu with lower mass next?

= Brass shows significant cathode non-uniformity, even longer K-shell rise time, long
trailing fingers and worse compression—early cathode implosion? Current contact
issue? Work function of metals? Could Zn
alloyed in wire have been inclusions that affected wire initiation?
Suggest brass initiation study at a university (UNR?)?

= We have alot of good 277 eV images. Can these be simulated in post-processing? What
process creates these photons? Can we extract plasma n or T profiles from the data?



