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Abstract

The spatial distribution of magnetic fields that agenerated by the electromagnetic flux
compression technique is investigated, with emphasi the dynamical processes of an
imploding liner. By comparing with the results afneputer simulations, we found that the
non-uniform implosion of a liner is important indar to explain the magnetic field's

distribution during the liner’s implosion. In addit, our results suggest that the initial inwards
compressing spool-like motion of the liner subsedlyeturns out to be outwards stretching
barrel-like motion along the magnetic field axis.

PACS numbers: 07.55.Db, 07.05.Tp

1. Introduction

Generation of ultra-high magnetic fields with intgies above 100 T necessitates the use of
specialized techniques, since there is an unavi@agstructive effect due to the Maxwell stress
(> 40,000 kg/crf) that exceeds the yield stress acting on a mazpief1-3]. Magnetic fields
with intensities of ~1000 T can be generated bggighie magnetic flux compression techniques,
in which the magnetic field is compressed withifea microseconds before the destruction of
the magnet. As an example, in such ultra-high magfields the magnetic length (or twice the
cyclotron radius) approaches the nanoscale range. Landau-level splitting of a carrier
exceeds the thermal fluctuation energy, and, assalty diverse quantum phenomena are
observable at temperatures as high as room teroperat

Several issues need to be addressed before refizddsurements for the solid-state physics
can be successfully performed in an environmentde$tructive magnets. In the flux
compression technique, the initial magnetic fidhattis generated by a seed field coil is
compressed by an imploding metallic cylinder tisatalled the ‘liner'. Stability of the imploding
liner's centre position and high reproducibilityearequired, because by the time reaching the
peak field, the imploding liner shrinks to a sturetthat has an inner radius of a few millimetres.
The explosive-driven flux compression method [4l&t makes use of chemical explosives to
accelerate the implosive liner, renders a sigmitidaurdle on the way of the application of this



method to the measurements in a solid-state phgsijesriment, due to the violent destruction
and resulting inferior reproducibility that are esiated with this method.

On the other hand, the electromagnetic flux congioes(EMFC) method [6] utilizes the
inductive electromagnetic force to accelerate arlinvhich arises from the electrical current
injected into the primary coil set outside the dinghis technique is more suitable for
application to solid-state physics experiments doethe more precise controllability as
compared with the chemical explosive-driven methidte EMFC technique was developed in
Institute for Solid State Physics (ISSP) over 3@rgeEspecially, the design of the primary coil
is essential for effective induction of the currehup to several mega-amperes into the liner, in
the range of microseconds. In a recently devisppeolined (CL) primary coil that is shown in
figure 1 [7,8], the current mainly flows on the emsurface of the primary coil, which is
achieved by using a copper lined inside the stealarouter coil. Thereby, the feed-gap effect is
considerably reduced and the inductive couplingveeh the primary coil and the liner is
efficiently enhanced, which significantly raise® ttransfer efficiency of the electromagnetic
energy into the liner. Using this coil, we recent®ported the generation of magnetic fields of
730 T, which are the highest fields achieved tharsim an indoor setting [8]. In addition,
various measurements for solid-state physics agipics [9-11] have been performed for field
above 500 T. In such an extremely high magnetid,figrecise calibrations of a pick-up coil,
conventionally used to detect a magnetic field, @rgarticular importance, because signals
detected from a material are discussed based @idteein which the abscissa is the intensity of
the magnetic field. The reliability of the absolwalues of the magnetic field has been
investigated by means of the Faraday rotation agggs compared with the signals from the
pick-up coils and discussed in detail [12].

There is a high demand for precisely controllabl@HE techniques, which are indispensable
for solid-state physics experiments performed usiticga-high magnetic fields as described
above; issues of particular interest include repedulity of a temporal profile of magnetic
fields, estimation of the final size of an innedites of the imploding liner for peak magnetic
fields, and more. In this respect, detailed knogtedf dynamical magnetic flux compression
processes is required for EMFC experiments. Commsiteulations form a powerful tool for
understanding the dynamics of the liner's implodmgtion [13,14]. The simulation results,
when compared carefully with the experimental dessm, be useful for the understanding of not
only the controllability of the magnetic field balso the progress of spatial homogeneity of the
magnetic field. The latter is particularly importdor solid-state physics measurements.

However, the simulations that are reported in mfees [13,14] have been limited to a
gualitative explanation of the experimental resulibe simulations have predicted a much
higher peak magnetic field than what has been bthin real experiments. The major cause of



the discrepancy arose from the unrealistic assomgif a current in a primary coil neglecting
the skin depth effect. Furthermore, the primarysctiiat were employed in those studies were
rather primitive, and yielded unexpected electra@toupling between the primary coil and the
liner, which caused unfavourable effects of thelfgap [15]. However, our newly designed CL
coil could be well formulated as a simplified modelbe used in simulations, which allowed
more accurate and realistic prediction of our expental results.

In this article, we discuss the dynamical procédkin compression in the EMFC experiments,
based on the close comparison of simulations andererents. We measured the
time-dependent spatial distribution of the magnédlield. We observed the temporal
development of a characteristic spatial distributi@nd compared these results with the
simulation. By using the simulations and a shadapigrof high-speed framing camera, a more
precise match of the imploding liner’'s motion te tieal case could be identified.

2. Experimental Methods and Simulation

Details regarding the setup of the EMFC experimarg described in Ref. 8. Figure 1
illustrates the schematic view of the EMFC maghet tvas used in this study. In the EMFC
technique, the liner's implosion is caused by thecteomagnetic repulsive force produced
between a large current in the primary coil injddt®m the condenser bank and the current that
is induced electromagnetically in the liner (boldosvs). The liner was set in a vacuum chamber
that consisted of a bakelite (phenol resin) cylingdeh transparent acryl plates on both sides,
serving as its lids. We wound several pickup cailsund a 1 mm diameter G10 rod, as a probe
for magnetic field, to obtain the magnetic fieldtdbution along the direction normal to that of
coil's radius (defined here as th@xis). For convenience of discussion,Zet 0 at the liner’s
centre. The G10 rod with pickup coils was insedethe centre position of the imploding liner,
and was fixed to one side of acryl plates. Therarmréhe magnetic field of each pickup coil due
to the fabrication processes was typically 3%, ardktailed description of the magnetic field
calibration method can be found in Ref. 12.

Figure 2(a) shows a typical magnetic field culg) (hereafter termed theB*t curve”)
generated by the EMFC technique. The turn-aroundt g®A point) is defined as a point at
which theB-t curve atz = 0 takes the maximum value. The inset illustrates position of
pickup coils with respect to the positions of thess section of the primary coil and the liner. In
this article, we mainly report the experiment thats performed by using a 45 mm widg,{
primary coil. In Sec. 3.5, the results are compavied the results that were obtained by using a
primary coil withLy; = 90 mm. The width and thickness of the linaf(win) were set to be 50



mm and 1.5 mm. The seed (initial) magnetic fieldbéocompressed was set at 3.8 T, and 4 MJ
of energy was used as an energy source storeadenser banks, resulting in the injection of a
primary current having a peak of 4.2 MA into tloal.c

The shadowgraph of the imploding liner was takenubyng a high-speed framing camera
(IMACON 468, John Hadland). The marking-off coaxcatles with radii of 10, 20, and 30 mm
were drawn on the acryl plates on both sides ofptiveary coil, and were used as a reference
for an accurate calibration of the imploding limedimensions. This is schematically illustrated
in figure 1 by black coaxial circles, and the ingeFigure 1 shows the enlarged view from the
z-direction. The marking-off circles on both siddstlee primary coil were also used to adjust
the alignment of an optical path from a flush lutopthe framing camera, in order to avoid
distortion of the image due to the optical misatigmmt. A typical shadow image during the
liner's implosion is shown in Figure 2(b) for difemt times. A highly symmetrical implosion of
the liner was observed in all frames, indicatingf tine feed-gap effect is almost negligible.

To compare with the experiments, we performed tlesimmodelling simulations that were
based on the work of Miura and Nakao [14] (herea&éened the MN model). The cross-section
of the primary coil and the liner was divided imtdine mesh. The values of the mutual and self
inductance between the mesh cells were calcul&édwing which the mesh current and the
deformation of the liner were calculated duringletime step. The procedure was described in
details in Ref. 14, where the liner's thickness veasumed to be kept uniform along the
z-direction during the implosion. This assumptioreguivalent to the assumption of constant
magnetic pressure all along thelirection at a surface of the liner. However, timedel is far
from describing the real situation and is somewiagr-simplified. The magnetic pressure
should strongly depend on tlzecoordinate, because the current tends to condenatathe
objects’ edges. Therefore, we revised the MN mbgiahdependently calculating the equation
of motion for the liner mesh with its respectizecoordinate, which allows obtaining a
non-uniform deformation of the liner (this revisewdel is hereafter referred to as the NUD
model). A similar model was devised and studiedlngsearch group from the Loughborough
University [16,17]. In advance, we measured theigpdistribution of the initial magnetic field
along thez-axis, the values of which were taken into accanmur calculations.

In the calculationL, is kept constant during the implosion, and bothdbmpressibility of the
liner and the diffusion of magnetic flux into thadr are neglected. Due to the assumption of
incompressibility of the liner, the volume of thedr was set to be constant. Since the lined
copper plate with 2 mm thick in the CL coil beans major part of the primary current [8], a
static 2 mm thick primary coil is assumed in botbdel calculations. The residual impedance
of a circuit was assumed to be constant for prinsaryents reaching up to 4 MA. Based on the
experiment with a short circuit end load, the realdesistance and inductance were estimated



to be 1.113 2 and 43.46 nH, respectively, in the case when & wifithe condenser bank (5.0
mF) were used. The temperature dependence ofgrstivity in copper was taken from Ref. 18.
The values of the remaining simulation parametessewidentical to the values of their
corresponding experimental parameters.

3. Results and Discussion

3.1. Distribution of the magnetic field along thexs

We investigated in details the spatial distribut@inmagnetic fields inside of the liner along
the z-axis. Figure 3(a) shows tBet curves that were obtained from eight pickup cuiloose
position in the liner is shown in the inset. Thekpip coil labelled “0” was set at the centre of
the liner. All pickup coils succeeded in measurihg fields up to their peak intensity values
without any failures on the way of elevating of tlmegnetic field. The respective peak field
showed monotonous decrease from the centre tadthes along the-axis. In addition, the time
at which the field reached its peak intensity iasedl with increasing It should be noted that
the B-t curveatz = 0 mm attains its highest value along zrexis only after 39.us. This type
of temporal evolution of the field’'s spatial distwtion was reproducible in other experiments
under the same conditions.

Figure 3(b) displays the temporal evolution of thagnetic field’s profile in the-direction
that was obtained from Figure 3(a). To the besiusfknowledge, this type of data has not been
reported before for the EMFC or the chemical exp®#ux compression experiments. Before
the time of 39.71s, the experimental daB{z) (open circles) are reproduced by fitting a cyave
dashed curve), which consists of a sum of two Ganssurves. In figure 3(b), we used a
symmetric fitting curve centred at= 0 mm. A good symmetry of the magnetic field gy
centred az = 0 mm was repeatedly confirmed by ®8¢ curves az = +10 mm (for example,
points B and D in figure 2(a)), whose differenceintensity was evaluated to be 10% at its
maximum. At first, the peaks of individual Gausstmves are located at=+10 mm, forming
a hump structure, after which they approach thatgor 0 mm as the time elapses, and finally
merge to form a single Gaussian peak (a solid ¢atvéhe TA point (40.1.s).

When attempting to apply the EMFC method to thesueaments of sample materials, it is
very important to estimate the homogeneity of amatig field in a given volume of a sample.
Field homogeneityAB, was estimated from the fitting curves 8(z) in figure 3(b), and the
results are summarized in figure 4 by using thematization, AB/B,=, atz = +1 mm and %2
mm. The normalized valugB/B,, is less than 0.5% farpositions ranging between -1 mm and



+1 mm, where most samples can be accommodatechjokiad of measurements. However,
when the positions ae= +2 mm, the field homogeneity degrades suddepliolalmost 2%.

3.2. Simulation of the flux compression

The two-hump structure @&(z) suggests that there is a non-uniform deformatiam liner or a
non-uniform distribution of liner’s current, whiatan be compared with the results obtained
from the computer simulation of an imploding lindfigures 5(a) and 5(b) present the
simulation results obtained for a temporal evoluttd a cross-section of an imploding liner by
using the MN model and by using the NUD model, eesipely. The liner's speed is faster in
the NUD model as compared with the MN model. In i model, the liner retains the
rectangular form of its cross-section to the vargl ef the implosion. On the other hand, in the
NUD model, the liner's cross-section develops apaol-like form. The liner starts with its
edge ¢ ~ 20 mm) being slightly deformed, and the censettion of the liner implodes
preferentially. At the TA point (37.8s), the liner retains almost a rectangular formlitide
protrusion can be noticed on the inner surfacehefliner atz = 0, indicating that the inner
diameter of the liner takes on its minimum value at0 along the-axis at the TA point. Due
to the non-uniform deformation of the liner, aswhoin figure 5(b), the thickness obtained
from the shadowgraph of the liner (definedviay= rmax - rmin) differs from the actual thickness
nearz = 0 (defined by =1, - 1;). Here,rma andrpn are the outer and inner radius taken from
the shadowgraph of the framing camera (figure 2{h)jle r, andr; are those at the centze 0.
The difference betweemy(t) andw,(t) will be discussed in Sec. 3.3.

The colour plot in figure 5 shows the distributioihcurrents in an imploding linel;. At first,

Is takes negative values in the majority of pointstbe mesh, reflecting the fact thitis
induced by the primary current. Thda,changes its sign, mainly inside the liner, to conf
with the compressing magnetic flux. This temporabletion of I in the NUD model is
gualitatively similar to the one that is observedthe MN model [14]. However, the faster
implosion of the liner in the NUD model leads te flast temporal evolution of the positikeat
the inner surface of the liner (already observedXts), which yields the faster magnetic field
confinement, as compared with the MN model. Furtioee, in the case of the NUD model the
currentls is more efficiently concentrated on the inner aoefof the liner, as compared with the
MN model. In the NUD model, 90% of the tofalis bore by the mesh at th& fhyer with a
typical 1 mm thickness of the liner, whereas tlatie reaches only 87.5% for the MN model.

In figure 6(a), theB-t curves are compared with the simulated curves wese mentioned
above (bold curve: experiment, thin curves: the Ntd@del and the MN model). THgt curve
of the NUD model reaches its peak intensity mudse in time to the experimental peak than



the MN model. Yet, in both models, the intensitbéshe peak field are much better reproduced
than those that were reported in Ref. 14. Theseltsegdicate that the CL primary coil is
ideally designed to yield a good match with modsdtuglations. Figures 6(b) and 6(c) illustrate
the temporal evolution d8(2), produced from the simulations by (b) the NUD mioahd (c) the
MN model, whose respective time points are inditaig open circles on thB-t curves in
figure 6(a). The fieldB(2) of the NUD model strongly depends on theoordinate, compared
with theB(2) of the MN model, and reflects the liner's shapédmation during the implosion,
as shown in figure 5(b).

TheB(2) curve strongly depends on the liner's shape durmplosion. Next, we focus on the
liner's deformation with respect to the relatiortvbeenL,; andL;,. Due to the non-uniform
spatial distribution of the Maxwell stress thateiserted on the liner, reflecting high current
concentration on the liner’s edges, a drastic fiee in a deformation of the imploding liner is
anticipated, depending on the size gf relative toL,;. Therefore, we simulated two distinctive
cases: (alin = 35 mm L < Lyi), and (b)Lin = 55 mm Lin > Lpi), as shown in figure 7. The
colour map shows the distribution kf For the primary currerit, the value at time 1Qs is
shown on the right-hand side of figure. The conegian ofl, at the edges is weaker in the case
of Lin < Lpi, @as compared with the caselgf > L,i. Therefore, it can be inferred that fof <
Loi the Maxwell stress is less effective at the lisegdge, resulting in the barrel-like
deformation of a liner. On the other hand, fgr > L, a more effective influence of the
Maxwell stress on the edges of the liner results gpool-like deformation and relatively faster
implosion. In addition, there was a prominent éfint sign reversal ofs only at the inner
surface of the liner. Therefore, we stress thatdmepression of a magnetic field strongly
depends on the liner's deformation during implosids is noted in figure 7(c), a two-hump
structure appears iB(2), which indicates thaB(t, z = 0) does not take the maximum value
along thez-direction before reaching the TA point (38u%). This result is similar to the
experimental result for times of up to 3¢8 in figure 3(b), whereas fdwi, > Ly (figure 7(d))
B(2) significantly differs from the corresponding exipgental result. In figure 7(c), the hump
structures are located almost near the edges12.5 mm). Provided thag, is kept constant,
the peak position of a hump remains the same ainadl, as shown by figure 7(c). In order to
reproduce the observed humps with the gradual approf two peaks as can be seen in figure
3(b), the parametek;, cannot be kept constant, but should be decreastdtine liner's
implosion before reaching the TA point.

3.3. Comparison with the liner framing shadowgraph

The liner's shape that is captured by the framiaghera provides important information



regarding the liner's implosion process. We estedathe quantitie$.x and rp, from the
shadowgraph, and compared with those obtained fte@msimulation of the NUD model in
figure 8 (labelled asmaxe andrming. The experimental data in figure 8 were obtaifiedh the
experiment performed with the same conditions &l us the case of the results shown in
figure 3. Figure 8(a) shows the liner's shadowgréipbknessw; e = rmaxe - mine (triangles)
together with the simulated quantities andw, using the NUD model. The experimental data
and the quantityv; are in a very good agreement up to the time ofi22showing an almost
twofold increase in the thickness, This result strongly supports the non-uniform desfation

of the liner that was discussed above.

Furthermore, as shown in figure 8(b), there exéstsimportant observable indication of the
liner's implosion near the TA point. We noted thaiy. (open squares) continued to decrease
further by about lus, even after reaching the TA point (4@, as indicated by an arrow).
Based on the NUD model simulations, we found thatdbserved decreaserify e after the TA
point arises due to the delayed implosion of therls edge. Figure 8(b) shows tha{closed
downward triangles) coincides with,, (closed circles) up to the TA point, owing to aldi
protrusion of an inner surface of the lineizat 0, as has already been discussed for figure 5(b)
On the other hand, due to the delayed implosiothefliner's edgermax (closed squares) is
larger tharr, (closed upward triangles). Thereforgsx continues to decrease further by about 1
us after the TA point, wheng,, attains its minimum value. This behaviour alsostibutes an
additional evidence of the non-uniform deformatathe liner. Very close to the TA point,
reliable evaluation ofyine (Open circles) becomes difficult due to the reSotuof a framing
camera and the explosive halation at the innemsaréf the liner (for example, se® Bame in
figure 2(b)).

The delayed implosion of liner's edge after the paint also affects th®-t curves with
different z-coordinates. By comparing the results of the NWDusation (figure 7), we found
that theB-t curve has a different dependence onzteordinate for the two cases. As noted in
figure 9(a) forLin <Lpi, the peak oB(t, [zl > 0) is reached at an earlier time compared thiih
of B(t, z = 0) as shown in figure 9(a), due to the barta-limplosion that accompanies the
two-hump structure iB(z). However, completely opposite results are obthioeL;, > Li. As
is shown in figure 9(b), the peak Bft, [z]| > 0) is always delayed relative to thatBgf, z = 0).
This type of delay was observed in figure 3(a)raftee TA point. By comparing these two
different cases, we infer that the liner's shapenduthe implosion changes from the spool-like
type to the barrel-like type with decreaslng; then,L;, increases again near the TA point.

3.4. A scenario of the liner’s imploding process



The discussion above led us to consider the foligwscenario to describe the liner's
imploding process. The scenario is summarizedguré 10 with théB-t curve. The inset shows
the schematic illustration of the temporal evolatiof the liner's cross-section. Initially, the
liner favours a spool-like shape (phase I). Thea,liner gradually shrinks also along thaxis
and deforms to a barrel-like shape, which resultthé two-hump structure B(z) and a rapid
increase inw . (phase I1). Near the TA point, the liner becomesslinfluenced by the edge
current in the primary coil, and the magnetic puessacting on the liner's inner surface
becomes strong. Therefore, the liner’'s barrel-Ekape relaxes, accompanied by the outwards
stretching deformation of the liner along thexis (phase Ill), where the peak Bft, |z > 0)
(points B and C in figure 10) occurs later in tithan the TA pointThe liner's deformation
along thez-axis during the implosion may become feasible &xwell stress component along
the z-axis is taken into consideration, which is ignoredur simulations. The above scenario
can explain the overall features of our experimedtdta.

3.5. Comparison with the wide primary coil

Finally, we discuss the results obtained by usimgimary coil withL,; = 90 mm, which is
twice the value that was employed above. The ewprial conditions were slightly different.
The seed field was 3.56 T, and the energy of 4.5W8d used as an energy source stored in
condenser banks, resulting in the injection of AMA peak primary current into the coil. As
shown in figure 11(a), a much higher peak intensitgnagnetic field is expected to be obtained
from the simulations than what is obtained by usigprimary coil with_,; = 45 mm, due to a
better energy transfer efficiency associated withemhanced barrel-type liner’'s implosion
(inset). However, unlike in the caselgfi = 45 mm, we have failed to experimentally obthie t
magnetic fields up to the TA point. In figure 11,(bB)pickup coil az ~ 10 mm (bold solid curve)
is broken at the early stage of implosion (#5), whereasB(t, z ~ 10 mm) attains its peak
magnetic field intensity of 426 T at 4Qu8 for L,; = 45 mm (pickup coil labelled “3" in figure
3(a)). ForLyi = 90 mm, early destruction was also observedzferO (bold dotted curve), and
explosive halation in the flaming camera took plate37.6us ("X" point in the figure). At
around 27.6us, a liner’s thickness of thg,; = 90 mm coil (calculated from open symbalg.,
andrmin) was found to be much larger than that of lthe= 45 mm coil (calculated from solid
symbols, rmax @and rnin), which reflects the simulation results in theein®of figure 11(a).
Therefore, in the case of the primary coil with; = 90 mm, the imploding liner might
prematurely crash due to the enhanced barrel-lé&f®rohation. These results suggest the
importance of a 3-dimensional deformation of arligeiring the process of implosion in
selecting the coil parameters for further developinwé the EMFC technique aiming at higher



magnetic fields.

4. Conclusion

The spatial distribution of the magnetic fields geted by the EMFC technique and the
shadowgraph of a liner captured by a framing camera analysed using computer simulations,
focusing on the aspects of dynamical processes imploding liner. The simulated temporal
evolution of the magnetic field intensity is in @ogl agreement with the experimentally
obtained one. We clarified, for the first time, ttlese connection between the magnetic field's
spatial distribution and the non-uniform implosipnocess of a liner, which includes the
inwards compression and subsequent outwards strgtofotion of the liner along the magnetic
field axis. The present study led to a concluskat & detailed study of liner's deformation in an
imploding process is of particular importance foe tncreased controllability and the generation
of higher magnetic fields than that of the pres¢ate-of-the-art record.
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Figure 1. Schematic of the EMFC magnet that is composedcopaer-lined
primary coil with a copper liner inside and a pairseed field coils. The
inset is the enlarged view of the cross-sectiomftioee magnetic field axis.
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Figure 2. (a) Typical curves of magnetic field intensity mdpthez-axis |z ~
(A) 20 mm, (B) 10 mm, (C) 0 mm, and (D) -10 mm]séh illustrates the
position of pickup coils relative to the cross-gattof the primary coil and
the liner. (b) A typical shadowgraph of the implogliliner, captured by a
framing camera.

700 — T T T T T T 1 700
* (a) O -
600 — 2(mm) . 600
L 0 % 1
500 T —= - = 500
22} =
I 13
[
400 E +2 400
= 18
300 < Q1@ 300
4 D
©
200 4= 200
T
100 - 100839
0 ok
33 34 35 36 37 38 39 40 41 42 43
Time (us) z-axis (mm)

Figure 3. (a) B-t curves measured in eight pickup coils placed altreg
z-axis. Inset illustrates positions of pickup coidative to the cross-section
of half of the liner. (b) Spatial profiles of magieefield intensity at different
times (numbers in bold, time is measured in miazosds). Solid curve is
the single Gaussian function, and dashed curvesttEresummations of
2-Gaussian functions.

13



3 T T T T 1 1
2r =+2 mm .
S LIIT)
o ",
1 'l,' |
2 S z=x1mm *,
-~
~ o S TIILLIIIIIT ‘,
1 S () \_‘_‘_‘_‘_' _____________ ._.>'_'_'_'_'_l _"".’ ___________ |
g - %
‘ agy,
fia} ‘e,
S ‘e,
L % _
L)
%
‘
o+ -
I L | | I I

-3
0 100 200 300 400 500 600 700
Bz:O (T)

Figure 4. Relative deviation of a magnetic field with incse® magnetic
field at g = 1 mm and 2 mm, respectively, normalizedB{g/= 0).

S0 e I5 (A)
51 (3) 47 40 35 30 25 15 10°
€ 251 + 10°
E "MN"
@ 50 10°
x (b) 373 25 20 10
N 25 7 — 10
0F . -
-10*
25 -
W1 IINUDII
_50 11 I 111 ‘ Ll t I 111 I | | I | l |
0 10 20 30 40 50 60
x-axis (mm)

Figure 5. The liner's deformation calculated by (a) the MNvdal and (b)
the NUD model at different times (numbers in bdidie is measured in
microseconds). The colour plot indicates the curireside the liner|s. In (b),

W is the thickness &= 0, andw; is the apparent contour that appeared in a

shadowgraph.
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Figure 6. (a) Comparison of the experimenBat curve (bold curve) with the
curves that were obtained from simulations (thinvesa: NUD model and
MN model). (b),(c) The spatial dependence of magrield of (b) the NUD

model and (c) the MN model, at different time psithat are marked as

circles in (a), respectively.
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Figure 7. Simulation results, obtained for different lineridtlis Lyp.

Non-uniform deformation of the liner is shown &fefient times (numbers in

bold, time is measured in microseconds) ligr = (a) 35 mm, (b) 55 mm.

The colour maps show the distribution of the ligecurrentls. The

distribution of the primary curret is shown on the right-hand side of each

figure. The spatial dependence of the magnetid feeshown fol;;, = (c) 35

mm, (d) 55 mm, for different times (numbers in hdidhe is measured in

microseconds).
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Figure 8. (a) The thicknesav; . (triangles) of the liner’s shadowgraph
compared withwp (dotted curve) andv; (solid curve) that were obtained
from the simulation of NUD model. (b) The open swisbare for the

shadowgraph data (squaresaxe Circles:rming), with the curves serving as

eye-guides. The solid symbols are for the simuladath (squarestmax

circles: rmin, upward trianglest,, downward trianglest;). The experimental

B-t curve is also plotted by a thick solid curve, amdhin solid curve

represents the simulat&dt curve.
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Figure 9. TheB-t curves for different positions on tlzeaxis, calculated by
using the NUD model for: (e)in = 35 mm Liin < L), and (b)Ljin = 55 mm
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Figure 10. A scenario of the liner’s imploding process. Indletstrates the
deformation of the liner in each phase.
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Figure 11. (a) Comparison of the simulation results obtaifedL,; = 45
mm (dashed curve), and 90 mm (solid curve). Indemws the liner’'s
deformation forL,; = 90 mm at different times (numbers in bold, tirse
measured in microseconds). (b) Comparison of thperaxental results of
F'min @Ndrmax for Lpq = 45 mm (solid symbols), and 90 mm (open symbais).

a point X, explosive halation was observed in tfzaning camera. ThB-t
curve forL,i = 90 mm atz ~ 0 mm (bold dashed curve) and 10 mm (bold
solid curve) are also shown.
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