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We present spectroscopic measurements of the eléctron density evolution during
the propagation of a magnetic-field frout peLa_l.i magnitude ~ 8kG) through low-
resistivity, multi-ion species plasma.™ln the“gonfiguration studied, a pulsed current,
generating the magnetic field, is ri‘\}iﬁﬁ.\gh a plasma that pre-fills the volume be-
tween two electrodes. 3D, spatiag\N\‘sBiﬁ"&en is achieved by local injection of dopants
1

via an optimized laser blow-o e. The electron density evolution is inferred

n
N

from the intensity evoluti 1T and B II-III dopants line-emission. The Doppler-

shifted line-emission o b%; ron that is accelerated by the magnetic field is also

used to determine the electuic-potential-hill associated with the propagating magnetic

field. Utilizing t m%spec ral line for the determination of both the density and
all

the electric potlenti wed for exploring the precise correlation between these two

key parameférs. For these measurements, achieving a high spatial resolution (a small
fraction

netic-field front) was necessary. The density evolution is found to

e m
sb?‘j%w a scenario in which ions with relatively high charge-to-mass ratios
teéd by different potential heights, namely, reflected off the magnetic-field

fréut at di

ent field magnitudes; whereas the plasma of ions with low charge-to-
mass ié is penetrated by the magnetic field.
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Publishihg INTRODUCTION

A magnetic field interacting with plasma transfers momentum and energy to the plasma,
resulting in heating and pushing of the plasma. The interaction is manifested by two compet-
ing processes, pushing of the plasma by magnetic pressure, and penetration of the magnetic
field into the plasma. Pushing of the plasma is dominant when tr{Z enetration is slow due
to a low plasma resistivity. A high-density current is induced eb§een ¢ plasma and the

magnetic-field front, and the plasma is pushed by the J x to the hydromagnetic

e
velocity, which is larger than the velocity of the magnetie fieldifromnt. The hydrodynamic
velocity varies between twice the magnetic front propag@u;@m v (specular reflection')
ma

astr
ens &d the field penetrates into the
plasma by diffusion. Magnetic field that penetra%amﬁly also into a low-resistivity plasma

and about the magnetic field velocity (snowplow?). etic field penetration occurs

at the high resistivity limit, the current layer then bro

has been observed, both in laboratory plasmas®® and il space” 2. Theories explaining the
magnetic field penetration in part of these C% sed on the Hall-field mechanism within
N

the frame-work of the electron-magnet h}N ic (EMHD) model, in which a narrow
current layer is expected to penetrate ig‘@pﬁmsma while ions are nearly motionless' 7.

The different forms of the magnet&“ﬁiﬂ—,&la ma interactions give rise to different electron
density evolutions. Thus, knowl offthe electron density is useful for studying this in-
teraction. Due to the quasi-néuteality ofithe plasma and to the conservation of the electron
fluid, plasma pushing is accompanied by a compression of the electron fluid. In the ideal

low-resistivity picture, e‘p?ﬁna is reflected by the magnetic-field front and the electron

density is expected t@ riseto twice its initial value over the scale of the electron skin depth

in front of the current '{aye nd then drop to zero behind the propagating field front!.

If there are colli ibKino e pushed plasma the density will rise due to the accumulating
plasma in froft ofithe propagating field front, often as a snowplow, as previously observed®.
i enetration is fast, either by diffusion due to high resistivity, or by the

echanism, no significant electron density change is expected.
of a more complex plasma dynamics was suggested by early simulations'® 2!
els*2#3. More recent simulations show that when electron inertia is considered tur-
bulence Sffects may develop?® and the current layer is expected to break into vortices?> 2
at ‘may affect the velocity and nature of magnetic field penetration®®. Laboratory ob-
~j“$Va’€ions in such systems of low-resistivity, multi-ion-species plasmas (mostly protons
and carbon ions), revealed a phenomenon of simultaneous field penetration and plasma
pushing®®. In these experiments, the heavier-ion plasma component (carbon) is penetrated
by the magnetic field at a rate much faster than expected from diffusion®®, whereas the

light-ion plasma (protons) is reflected off the field front, acquiring velocities that are about
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Publishitvgice the magnetic-field front propagation velocity®'. The ions in the plasma penetrated by
the magnetic field are also found to acquire non-negligible velocities relative to the magnetic-
field propagation velocity. This complex plasma dynamics, involving both magnetic field
penetration and plasma pushing, should be manifested in the electron density evolution.

In the configuration studied, a pulsed current, generating a magnetic field, propagates
in a plasma that pre-fills the region between two planar electrodej

s@jf up“o ~ 50%, which

generally accompanies the arrival of the magnetic field to thegegiou of observation, followed

revious spectroscopic

measurements of the electron density have shown a density

by a sharp density drop®’. This observation was consiste ith*earlier line-integrated den-
sity measurement in similar systems®*#. The spatially reselvéduspectroscopic measurements
showed that part of the plasma is indeed penetrated by the netic field and remains be-
hind the propagating field front. The rise in the densi wasSmainly attributed to the effect
of the proton-plasma reflection. The subsequentidensity drop also seemed to be consistent
with this reflection. However, a quantitative ‘apalysisfshowed that the proton reflection
cannot account for the entire observed de W; N

Here, using the same multi-ion spe ies%s(em sed in Ref.?, we employ spectroscopic

techniques with significantly improyed s

atial Tesolution to study in detail the electron
density evolution during the plasma- }petq: eld interaction. Furthermore, Doppler shifts
of the same line emission that is ufHlized\for the density measurements, are also utilized for
the determination of the electrieqpotential (referred to as potential hill) that develops due
to the magnetic-field propa@%ﬂs allows for exploring the correlation between the
Gi‘ﬂ\xolutions. This is otherwise very difficult to investigate due

ilitiés in the system that make it nearly impossible to correlate

density and the potenti

to unavoidable irreproduc

parameters obtaZe i ’s’ep?a e discharges.
\ﬁiw patial resolution, which is a few times the electron skin depth of

our system thiat 13, the [owest expected current-layer width. The improved resolution reveals

We achieve a

igher electron density rise, followed by a sharp drop to ~ 10% of the peak
e measured potential hill is used to infer the ion dynamics that are

istent with the density evolution. We conclude that the reflection of the
hiénly—charged carbon ions (C IV-V) plays a major role in the density evolution,
p rticulaily in forming the sharp density peak that was previously mainly attributed to the

qgot flection.
~

II." THE EXPERIMENTAL SYSTEM

The experiment, schematically described in Fig. 1, consists of filling up the volume

between two planar electrodes with plasma, followed by driving a pulsed current between
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Publishi‘ri‘g electrodes that rises to 130kA in ~ 350ns. This produces the magnetic field (peak
magnitude ~ 8kG) that interacts with the prefilled plasma. For the coordinates defined
in Fig. 1: = 0 is the cathode surface, y = 0 is the center of the electrodes, and z = 0
is the generator side edge of the prefilled plasma. The magnetic field propagates from the
generator side in the z direction, towards a shorted end. The plasma is produced by two
surface-flash-over plasma sources (flashboard), mounted outside thferelectrode gap, a few
cm above a transparent wire-anode. The plasma expansion foruis z[%w gradient across
the anode-cathode (A-K) gap that supports Hall-field induced p

are 14-cm wide (in the y direction), 8-cm long (along z)rand

etration. The electrodes
arated by a 2.5-cm gap
(along x). Each of the electrodes is an array of eight 1-mmsdiameter wires with a geometric
transparency of 93%, allowing for a nearly free flow 6f the a. The flashboard plasma
is dominated by protons and carbon ions (mainly I—V%. The current generating the
magnetic field is applied 1.1 us after the applic}@n the flashboard plasma source. By
this time, the electron density (n.) and temperature (£3) in the middle of the interelectrode
gap are found to be*!, respectively, n, ~ 3 x4 cny 2 and T, ~ 6.5eV.

Radiation emitted from the plasm isxsge n a l-m spectrometer input slit. The
spectrometer output is conveyed to an ar\o?ast photo-multipliers (PMTs) via a bundle
of optical fibers. The spectral resolut ba.ni‘e from 0.07 to 0.12A over the spectral region
recorded (2000 — 7000 A). The P&%{ e a rise time of less than 3ns and an exponential
decay with a time constant A%second 0.25-m imaging spectrometer is coupled to
a gated (7-ns) intensified Ch:rg&\up ed device (ICCD) camera. The data recorded with
the imaging spectrome er%ﬁnainly used for characterizing the geometry of the dopant

columns injected inte’the plasma.

3-D spatially reso d mgasurements are obtained using a controlled injection of selected
dopants into thefplagma. Ta this approach, the plasma is doped by an atomic or ionic beam,
the line emig§ion Mh is distinguished from the ambient plasma and can be used for
diagnosing/the local plasma parameters. In the present study, lines of B II-III and Mg II
dopants a fiseds A laser blow-off technique® 37 is used to inject the dopants into the
plas o. The ant is blown off a coated slide by a pulsed laser beam (doubled Nd-YAG,
160mJ per 5ms), hitting the slide from its uncoated side. An iris positioned between the
slide and, the prefilled plasma serves to collimate the plume. Plumes of a diameter smaller

an m (containing 80% of the ions) for boron, and about 2 mm for magnesium, were

ainted by optimizing the system parameters. The dopant plume was injected into the
plasma in the z-direction from the cathode side (z = 0) prior to the injection of the plasma.
The dopant-ion densities were found to be ~ 2 x 103 cm™ (determined spectroscopically),
contributing less than 10% of the total electron density, ensuring minimal perturbation of the

ambient plasma. The velocity (along the z-axis) of the dopant plume is vq ~ 6 x 10 cm/sec,
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Publishimgproximately 10% of the velocity of the plasma injected into the inter-electrode gap.

The density observations were carried out along the y-axis (perpendicular to the field
propagation direction). The data was collected from a region close to the center of the
inter-electrode gap: at x = 10mm, y = Omm, and z = 37mm. To optimize the light
collection efficiency, a lens was placed inside the vacuum chamber sas close as possible to
the dopant nlume. The resolutions achieved in the z and z di(/r,(o{vvere 0.1Tmm and

0.8 mm re 3

determine \
I Current Plas ),___\

1
1 Generator

axis ),

cathode

Time-dependent

z §

N{tor spectroscopic
Yy . system
—
FIG. 1. A schematic desctiption o N{ erimental system. The generated magnetic field is

directed along the y axis and pro \,'bes\in the z direction.

V.
I11. ELECTI?V%/%ITY EVOLUTION

The evol io@\electron density was obtained from the evolution of line emission

of B II, BAII, Mg II dopants. The time-dependent emission line intensities were used

£

elect/on density and temperature evolution using collisional radiative (CR)

to yield
mode in‘?g?B. analysis was performed in two stages. In the first stage, we determined
t

line emisfion. Since the sensitivity of the Mg II-based density diagnostic winds down for

14, p)rameters prior to the application of the pulsed magnetic field, utilizing Mg II

> 10 cm~3, the Mg II emission becomes unsuitable for measuring the rapid density
'§ to*higher values (which generally happens at a given z—location when the magnetic field
risés to a certain fraction of its peak magnitude). At these times, the density evolution was
then studied utilizing B II and B III line-emission. The parameters obtained from the Mg I1
analysis were used to determine the initial conditions essential for the accurate simulation

of the evolution of the boron line intensities.
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FIG. 2. Evolution of the line intensity ratio I34/1s, su"gi at z = 37mm. The term Time =0

represents the beginning of the current-pulse. \
A. Determination of the initi plgx\aﬁ'operties

~
We tracked the intensities ofm 1T transitions 2p%3s — 2p%3p (Is,) at 2795 A and

I34/13p

2p%3p —2p%3d (I34) at 2798 Kp wavelengths allow for their simultaneous recording
using the same spectrograph. T agating magnetic-field front arrives to the observed
region (at z = 37mm)f~ Ons after the start of the current-pulse. Fig. 2 presents

the evolution of thedine“inte 1ty ratio I3q/Is,, starting from the the beginning of the

current-pulse (¢ =

into the dopant/ itio at z = 37mm). The rise in the line-intensity ratio, observed for
t > 130mns, ¢ r‘;;?&(o an electron temperature and density rise that results from plasma
h

rou the propagatlon of the magnetic front and its penetration

ing by the magnetlc field.

Ngene A% 10" Jem =2, while it is nearly T.-independent. However, here, the initial T, is < 10
eV a ng thus I34/I3, depends both on T, and n.. Thus, additional data are required for
,% ostics.

ASecond independent function of T, and n, is the Mg II ionization rate. If T, and n, are
nearly constant and the change in the Mg II population is dominated by the Mg II ionization,

A4g11

then the normalized rate of the Mg II population change, /Mamgir, is also constant and
nearly independent of the ionization balance. Indeed, Mg I 10nlzat10n into Mg II was verified

to be negligible due to the low population of Mg I during the measurement, observed from the
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Publishimgensity of the Mg I 3s — 3p resonant transition at 2852 A. The recombination from Mg II1
was calculated to be also negligible under the relevant plasma parameters. CR calculations
further show that the Mg II resonant transition /3, is proportional to the Mg II population.
Therefore, the measured evolution of I3, can be used to determine the Mg II ionization rate.
We note that unlike the case of the line-intensity ratio, using the derivative of the intensity
requires considering the possible effect of the dopant flow into th/ served volume during

the measurement. The dopant velocity in the positive z direc#ionys ~6,x 10° cm/s, thus

the Mg ions travel less than 1 mm during the measurement tigne ?50 ns. Since the dopant
column was found to be nearly uniform in a region of +2 \%t point of observation

(x = 10mm), the flow has no effect on the measured iomigationgate. The normalized rate
d

dlip /I, is presented in Fig. 3. As expected, until t arrival'ef the magnetic-field into the

observed region (¢ ~ 130ns), the normalized Mg LLioniz tiob rate changes slowly compared
to the rapid changes seen at later times. ‘)
-

The measured line-intensity ratio and the nermaliged intensity-change rate of I3, are used
to determine n, and T, at 65 ns (whiclyis ~ 65 ns™prior to the arrival of the magnetic-field
\

parameters at this time are taken as the initial

front into the observed volume). The plas

. JOR

(ground level only), were employed for obtaining

conditions for the B II-IIT simulatio alculations, including levels of Mg I (up to

n =4), Mg II (up to n = 5), an Mg\lr2

two sets of parameter pairs M% , each corresponding to the measured I3;/I3, and
% /1I5,. Each set of parameter-paigs defines a curve in the n. —7, space and the intersection
of the two curves yiel 7%6.5 eV and n, = 2.1 x 10 em™3. In order to obtain the

uncertainties in the

easurement, we also calculated pairs of n. and 7T, that yield the lower

d I3,
dt

and upper boun%s/o C’; / [3yand /I3, at t = 65 ns. For the lower and upper bounds of
the ratio I34/ 13,

ib

pectively, 0.16 and 0.20. Here, the bounds are determined by the

ke,
é;;%natic error in the relative calibration of the different PMT channels
ine the two wavelengths. For the lower and upper bounds of % /13, we

take, resp tiéely, —3x10% and —2.5x 10°s~%. The n, — T, pairs corresponding to the lower
dIs,

s on the measured I3,/I3, and the lower bound on /I3, are presented

and ﬁé‘r bo 1
inghig. (t& upper bound of % /15, is not useful for this analysis). A lower bound of
3'&10;? . is obtained from the data. No practical upper bound on T, exists. The absence
fa per-bound on T, is due to the weak T.-dependence of both the line ratio and the
‘ﬁizﬁbion rate at relatively high T,. However, the data from the boron dopant, discussed in
Section III B, provide tighter constraints on 7.: 4.5eV < T, < 8.5eV. These T, bounds help
to determine the bounds of n.: (1.3 —3) x 10" cm™3. Thus, we conclude that ~ 65ns prior
to the arrival of the magnetic-field front n, = (2.1 £ 0.8) x 10 cm™3 and T, = 6.5 + 2eV

(note that, as shown in Fig. 4, the errors in n, and T, are dependent on each other). These
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FIG. 3. Normalized rate of the change of the Mg II Cp-?/?)s 2p6§p line intensity (d(lztl3”)), repre-

senting the Mg II normalized ionization rate.

NS

7 LI I R R ¢ T
== Bounds on Izd/l3p
— Lower bound on d(In I3p)/dt

T

>
5
A
J
%
A
2
A
/
/
/
/
/
/
/
/
4
4
;
/
/
/
/
/ Ll
Lovaa bov v bvraa b

Lower bound on Te from
boron emission lines

ne (104 x cm3)
S

/ / / T (eV)

FIG. 4. Elec Qﬂ'es and temperatures that satisfy the lower and upper bounds of the

io I3, and the lower bound of the normalized Mg II ionization rate. The region

"
W -
Nl
IS
v
o
~

solid curve and below the upper dashed curve corresponds to allowable n. and T, at

i§ ~ 65ns prior to the magnetic-field arrival to the point of observation).

values a1§ consistent with previous studies*.
S N

B." Density evolution during the plasma - magnetic field interaction

During the magnetic-field penetration the plasma parameters are extracted from the in-
tensity evolution of the B II 2s2p — 2p? (3451 A) and B IIT 2s — 2p (2066 A) transitions.
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PublishiRgr utilizing these transitions, the B II/B III population ratio at ¢ = 65ns must be esti-
mated. This was achieved in two ways. In the first method, the measured intensity ratio
Isys1 4/ Iooss & Was reproduced in CR modelling, constrained by the inferred n. and T, at
t = 65ns. In this manner a B III fraction between 10% to 40% was obtained. Here, the
main source of error is the uncertainty in the wavelength dependentsabsolute calibration of
the spectroscopic system. In the second method, we modelled volution of the B III
fraction using the ionization rates under the slowly varying plasfiia e;%wns and assuming

100% B II at t = —1 pus At this time, it was verified that the B I'and B III populations were
negligible by observing, respectively, the 2498 A and 2066 &n er these conditions it
was found that at t = 65ns the boron plume is mainly cemposed of B II and B III, where
the B III fraction is between 10% to 35%. Both methods thus'provided similar results. The

uncertainties in the second method are due to :(Qer 'ntieb in the ambient plasma prefill

conditions and in the initial population of the B metastable level (that lies ~ 4.6 eV above

the ground state). e
The intensities of the emission lines of, b&\bozrv 1 charge states were traced during the

penetration of the magnetic field. The t, arhhn

to be observed simultaneously by t{?{mtmgmph necessitating the correlation of
0

elengths are too remote from each other

their respective intensity evolutions r \}1&@1

correlation here is of particular i rtance since, at this stage, when the plasma interacts

different discharges. Achieving an accurate

with the field, the line intens%r o rapid changes. Since the width of the magnetic-

field front is ~ 15 mm and the field,propagation velocity®® is ~ 3 x 107 cm/s, the field front

travels through the do anﬂwmn within ~ 50ns. Hence, the accuracy of the temporal
correlation must be at least 10 ns.
sd

0
f?r accurately timing the evolutions of the B II and B III line

ions’ Doppler-shifted line emissions and the assumption of the

The approach/A
intensities is ba e&‘{;
tros

existence of afi e tic potential hill that is the gradient of an electric field in the frame

of the mofing magnetic-field. This assumption is supported by recent measurements®,
showing t/the

prop ation at“the relevant time-scale of the measurement. The force exerted on an ion by

ectric- and magnetic-front profiles remain nearly constant during their

lectric field is proportional to the ion’s charge, hence the ion’s velocity change (in

tige) is p)roportional to its charge-to-mass ratio, Z/m. Assuming the ions are all in the same

ositieny” Z/m-scaled velocities of different ions should occur at the same time. Therefore,
50r\each ion the correlation between the evolutions of the ion velocity and its emission
intensity is known, it is possible to time the emission intensity evolutions of different ions.
Observations from the z-axis (along the direction of the magnetic-field propagation) provide
this information.

Observed from the z-axis, the spectral-lines’ Doppler-shifts are measured with the resolu-
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Publishitign permitted by our discrete channel system; 0.12 A per PMT-channel in this wavelength
range. We identify the times t,; of the peak intensity of each of the time-dependent signals
of the different Doppler-shifted emissions. At these times, the B II and B III at the plume
center acquire the velocities v;. In Fig. 5 we present the time-evolution of these intensity
peaks. Each of the curves is obtained by averaging results over several discharges. The lines
in the figure connect points corresponding to successive 0.12- A engt shifts; the first

point on the left in each curve is a shift of 0.06 A. The curve fo mission is shifted

Doppler-shift of 0.30 A, as required by the Z /m scaling, is X Z/m, where A and

in time such that a B III-Doppler shift of 0.36 A commdes%e occurrence of a B II
AN are the wavelength and Doppler-shift. We stress that Mscahng was performed for

the ion acceleration that occurs rather early in the inferaction'sAt later times of the plasma
- magnetic-field interaction, the ionization of B I p_ro ces )gmﬁcant amount of relatively
slow B III. The Figure also exhibits a non-mon onlc 511 velocity evolution at t = 185 ns,

and two peaks in the time-dependent B III emisgiong These features are discussed in Sec.

ve. &i

Since we find that at each instant \ mission of each ion comes from a specific
velocity, the two curves in Fig. 5 afe«in facty the intensity evolution of the B IT and B III
line emissions, sampled at specifi tim:i)r?ésponding to specific velocities. Moreover, since
the y-axis observation is also im&%x he dopant plume center, both the y- and the z-axis
\eaa.me volume. Thus, we can take the time difference
between the B II and B Il intensi

time difference between the peaks of the B II and B III emission intensities observed in the

observations collect data from

peaks observed in the z direction to be equal to the

y direction. The y-@xis obscmations are more useful for modeling due to the ability for a
continuous comQ(rison eyfnd the discrete times ¢,,. As seen in Fig. 5, we obtain a time
difference of dtr= 9 ns between the peaks of the B II and B III emission intensities. The
errors in the ti §g

the difficaflty in d
channels(the'si

alrea befoﬁf the current-pulse arrival due to the initial spectral line-width).
f-\

are mainly due to the limited dispersion of the spectroscopic system and

rmining the time of the peak of the signal from the first Doppler-shifted

ndl peak of this channel is smeared out since it has an appreciable intensity

rrelated time-dependent intensities of the two boron lines, observed in the y-

Were fitted simultaneously with the same electron temperature and density evolu-

\ . We note that in our models we assume that the electron population has a Maxwellian
distribution. The possible presence of a high-energy electron beam® should not significantly
change the conclusions on the density evolution since its effect on these transitions is rather
similar to that of a high temperature. We emphasize that in our approach the analysis of

the B II and B III emission intensities is solely based on the time-evolution of the emission,
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FIG. 5. EVOIUti% (I and B III line intensities during the penetration of the magnetic
e z-

field, observedfin
are the timés a ~2ich the intensity of each Doppler-shifted signal (in 0.12-A steps) peaks. The
curves COVQ?? ints of consecutive wavelength-shifts. The first point on the left in each curve
is a sHift of 0. from the zero velocity wavelength. The B III curve is shifted in time so that
th nggth shifts of 0.3 A for B II and 0.36 A for B III occur at the same time.

)

h not on the absolute intensities that may be subjected to an appreciable shot-to-shot

irection (along the field propagation direction). The times of the points

vamations due to differences in the amount of dopant.

Several initial electron temperature-density pairs were tested, all consistent with the con-
straints set by the Mg II-line-emission measurements. In Fig. 6 we present the experimental

results together with the simulations. For the low limit of the initial electron temperature
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Publishi<nfg4 .5 eV, no reasonable fit for the boron emission lines could be obtained. The ionization
rate of B II for such low temperature was too small to explain the observed rise of the

B III emission intensity. Assuming rapid rise of the temperature, to satisfy the B III data,

leads to an overestimate of the B II emission, even when starting with the lowest reasonable

fraction of B III ions (B III = 10%). This is demonstrated in Fig. 6(a), where the best fit
obtained for this low initial 7, yielded poor agreement with the f rimental data: simu-

lated emission that is too low for B III and too high for B II. or“ﬁhe it likely values of

) initial B III fraction of 20%,
ing'ig.“6(b). The figure also
Wﬁt' o (3455 A), with an upper

level at 49€eV, observed simultaneously with the B I Tine. e intensity evolution of this

initial parameters, n, ~ 2.1 x 104 cm=3, T, ~ 6.5¢eV, and
a good fit for both B II and B III can be obtained, as s

presents the measured intensity evolution of an O III

O IIT transition indicates that the heating of the glectrens tb energies of tens of eVs occurs
only after t ~ 170ns. Models with initial high TA(>8.5¢V) are ruled out since prior to the
arrival of the magnetic field such models give a'sige in time of the B III intensity (due to B

IT ionization) that is much more rapid tha@ (for any reasonable initial density and

B III fraction).

The evolutions of n, and 7, used for ohtaining a good fit are shown in Fig. 7. In this
model, the electron density rises to %}lxo ~ 10% cm™3, which is about 5 times higher
than the electron density prior t\\&' gnetic field arrival. The electron temperature in
the model rises to 50 eV at t% bove 50 eV, the two boron line-intensities become
our

nearly insensitive to 7,, and
study*’ that utilizes th enﬁgl from a high-energy transition of B IV, indicating a rise of
the electron energy ;&R t ~ 175ns. Information on the T, evolution at later times
is absent, but the a%\l

~ 70eV (othervxz he IT would undergo rapid ionization).

The appaQal ak observed in the experimental line-intensity evolution of both B

ice to adopt a further rise of T, is based on a previous
Hat ye O III emission does not drop implies that 7T, drops to below

IT and B I (s
also be fi d/witp. a T, change. We claim it is a density effect based on the inferred plasma
iscussed in Sec. IV C.

Fig. 6, t ~ 155ns) is attributed to a density change. However, it may
dyna ig\s, as

-
Q(;di we have shown that the evolution of the plasma parameters presented in Fig. 7
rov a plausible explanation for the observed line intensities. However, in principle, this
~D2laﬁtabtion might not be unique. In particular, one may argue that the sharp intensity rise
of the boron line emissions could be the result of a rise in 7T,, and that a good fit to the
observation may also be obtained without a significant rise in n.. In order to rule out such
a scenario, we have carried out simulations in which the 7T, evolution was optimized to yield

the maximum intensity from the boron lines at the correct time. These simulations have
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FIG. 6. Observed and simulate ev&%\s “the B 1T (3451 A) and B IIT (2066 A) intensities. (a)

< 1BeY, ne = 3.2 x 10" em3, and 10% B 111 (b) The optimal
3

Initial parameters assumed are

fit found to the observationelnitial parameters assumed are T, = 6.5eV, n, = 2.1 x 10 cm ™3, and

20% B III. Also presente

is the intensity of O III transition (with an upper level of unit[49]eV),

observed simultaneou$ly \yith B II transition.

shown thats e )such an optimized T, cannot account for the observed rise in the boron

unléss 1t4s accompanied by a significant density rise to ~ 10'° cm™3,

intensiti

W have f
is he itial/B III fraction, which is in the range between 10% to 35%. This range of

assume III fractions provides bounds on the peak electron density, based on the following

that the main factor affecting the estimate of the electron-density evolution

ons tions: The experimental emission intensity of the B II line rises by a factor of 5
ween t = 50ns to ¢ = 170ns. This rise is partly due to the change in T,. Assuming
constant n, and a T,-rise to 15eV, which maximizes the intensity rise due to a T,-rise, gives
a B II intensity-rise of a factor of only 2.2. Hence, the rise of the B II emission intensity due
to the n.-rise is at least by a factor 2.3. We now must also consider the effect of ionization
of B II, which lowers the B II emission as T rises to 15 eV. To obtain the effect of the B 11
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Electron density (cm™)

Electron tempgra/ture (eV)
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FIG. 7. The inferred evolution of n, and Te\%\t% 651ns, T, is only an estimate (marked by

the dotted curve), but has no significant eckhe present B II - III modelling. The error bars

reflect only the errors due to the uncertaintiessin the initial n, and T, and not the uncertainty in

the B II/B III ratio. \ \

ionization during these 120 nw the B III emission intensity that rises by a factor 6

during this time. In ordér btain a lower bound for the rise of n., we assume a maximal
effect of B II ionizatibn B
15%. Under these

IT, namely, we consider a minimal initial B III fraction of

“urﬁptif , the observed B III emission-intensity rise requires n.-rise
of nearly a fact@( f 3, yielding a robust lower bound of 6.3 x 10 cm ™3 for the peak n,.
Using a detaide :kéb(ing assuming an initial fraction of 15% B III, the best fit to the

experimentél

4 is obtained when n, rises to 8 x 104 cm™3. Similarly, an upper bound for
n, is obtAimed'by assuming an initial T, of 8.5eV and B III fraction of 35%, yielding a peak
electrén dens f1.5x 10" cm™3.

S

IV, DISCUSSION

V?ﬁe of the difficulties that arose from previous measurements is the quantitative ex-

planation of the measured density profile®. It was shown, under similar conditions, that
ionization processes (due to the electron heating resulting from the magnetic energy dissi-
pation) and the continuous plasma flow from the flashboard-plasma source cannot account

for more than ~ 30%-rise in n, during the magnetic field penetration. The significant addi-


http://dx.doi.org/10.1063/1.4972536

! I P | This manuscript was accepted by Phys. Plasmas. Click here to see the version of record. | 15

Publishi‘ngl al density-rise observed was attributed to the proton reflection; a process later verified
using charge exchange measurements®'. The subsequent density drop could not have been
explained by the proton reflection only. The present, high-resolution measurements, that
show a much larger density-rise and a faster subsequent density-drop, thus call for a revisit

of the underlying processes, which can now be performed using th?orrelation between the

electron density and the ion velocity. \

A. Dynamics of different ion-species

QvatiQn and the ion dynamics.
an electric field that in the

We now explore the connection between the density

Our analysis here is based on the assumption of the istence
frame of the moving magnetic field is the gradle 6.0 ele¢trostatic potential hill. Under
this condition we can utilize the measured evolu n of 1e B IT ion-dopant velocity to infer
the dynamics of all other ions, and in particular dd;e.rmme the expected reflection points

of the various ion-species. From energy c%atlo we write for B II:

eZprid :;\@@g - 7312911) ; (1)

where Zpg;; and mpy; are, respéctively; the B II ionization degree and mass. ¢ is the
electrostatic potential (¢ = 0 i th

the potential hill), e is the elementary charge, v,

is the magnetic-field propagati 1ty, and vp;r is the B II velocity in the moving field
frame. Since all ions mo ,u,ith same potential, we can write for an ion i:
MBI my;
Kg - UBH -7 (Ut? - Uz) (2)
At the reﬁectlo nt 0 on 1, its velocity in the moving magnetic-field frame is v; = 0.

0 in"Eq. 2, we obtain vngl(l) , the B II velocity (in the laboratory frame)

at the reflettio 01nt of an ion i:

£
£ ; ZBrr m;
_— ref (i) BIT 11t
v =, | 1—4/1— — . 3
S B ’ mprr Zi ¥
-

We ngw use the measured B II velocity evolution and its correlation with the density

VO to find the predicted reflection times of the various ion-species on the density

volution curve. For a magnetic-field propagation velocity®® v, = 3 x 107 cm/s, we obtain
from Eq. 3 that the protons, the C V, and the C IV are reflected, respectively, when the B
IT acquires velocities of 1.4 x 10%, 4.5 x 10°, and 6.2 x 10° cm/s. On the other hand, the C III
and C II reflection points correspond, respectively, to vy = 107 cm/s and vgy; = 2.2 x 107

cm/s, that are higher than the maximum measured B II velocity of 9.5 x 10° cm/s, which
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Publishimgans that the C III and C II plasmas are penetrated by the magnetic field. In Fig. 8 we
present the measured evolutions of the electron density and the B II velocity, together with

the expected reflection times of the protons and C IV-V.

Since an ion reflection is associated with a density peak, the expected reflection times
seen in Fig. 8 suggest that the main density peak (t = 175 ns) is attpibuted to the reflection
of the carbon ions, whereas the earlier, local density peak (t = 1[ 5) corresponds to the
proton reflection. The reflection times marked in Fig. 8 appe ﬁm‘cer the observed
density peaks, but it is within the uncertainty of the experiinental results (mainly due to

%@KBQ elocity values and an

idispecies occurs over a finite

the systematic errors in the determination of the times
uncertainty in vp). In fact, the reflection process of ea
time due to the ion initial-velocity distribution, prior to tT pplication of the magnetic
field. Tons with an initial velocity in the direction ofithe field-propagation direction are
reflected by a lower electric potential than thos&iti?n initial velocity directed opposite

the field-propagation direction. This effect is considered in Section IV B.

B. Simulated electron density pr‘agi\

~
The inferred ion dynamics, to ith the known plasma composition and initial ion

velocity distribution®*, allow K:l\'n he electron density evolution and examine whether
c

the potential hill assumption is sistent with the measured density. If the ionization rate

of the plasma constitu twﬁ%qligligible, then the density evolution of each ion species in

the plasma is deterndine e change in the velocity distribution of that ion species.

The equations that estribe, the change of the density as a function of the ion position
wen in the Appendix. The plasma composition is taken from a

in the potential ‘N-%e‘)
previous stu S\but sealed here by a factor of 0.7 to account for minor modifications in

the experiiental set-up. Thus, the initial ion density are: n, = 3.5 x 10% cm™, ngyr =

1A ngri = 1.5x10B em ™3, nopy = 4.9x 108 em 3, and ney = 1.4x 103 cm 3.
The ifiitial ion*élocity spread along the z-axis, Av,, is approximated by vy sin (7/8), where
Uadsth 'nje()ion velocity (along the z-axis). v, is in the range ~ 10—107 cm/sec, depending

ol the i@sl species®t.

presents the simulated ion densities, together with the resulting electron density
vn%lved with the finite temporal response of the spectroscopic system), compared to the
measured density. It is seen from the Figure that besides differences of 7 - 10 ns in the
times of the peaks, which are within the measurement uncertainty, the simulated electron
density recovers the evolution obtained from the independent measurement. This result

demonstrates that the ion dynamics can explain the observed density evolution, and thus
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FIG. 8. The electron density and B II velo 't}m\@ ns and the expected reflection times for

protons, C V and C 1V, extrapolated fro t.hll ion velocities assuming a potential hill in the

moving frame of the magnetic field. The representative time-error of the velocities represents the

systematic error due to the uncertainty ﬁladetermination of the velocity evolution relative to

the density evolution. The uncertai N he relative times of the velocities are much smaller,

less than 3 ns. \\
strongly supports t@f an electric potential hill.
L/

C. Observatlé\%n different directions

e I emission, observed along the z-axis (see Fig. 5), exhibits a clear double-

peak feat e/thz? corresponds to the proton and C IV-V reflections, observations along

the ytaxis mainly exhibit a single prominent peak emission and a “shoulder” (see Fig. 6,

t ould e attribute this difference to the fact that the y-axis observations use a single

F@:)R]ecord the evolution of the emission intensity, whereas in the z-axis observations,
ch

3

a e points of the intensity-evolution curve is the peak of the signal measured by a
}eﬁnt PMT, corresponding to the different Doppler-shifted wavelengths. This sampling of

sighals using different PMT's enables us to avoid some of the signal smearing due to the PMT

decay time (5ns). Note that the B II emission recorded along the z-axis does not exhibit the
earlier peak (attributed to the proton reflection) since the proton reflection occurs before

the B II is accelerated to a velocity that can be unambiguously measured within the present
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FIG. 9. The ted ns1ty evolution of the various ion-species based on the measured B 11
Ve1001ty and tlie as ptl of a potential hill (see Appendix) and (b) the resulting electron density
evolution (gonvo d with the finite temporal response of the spectroscopic system), compared with
the measu ‘élec}pon density.
—
)
s ectra sesolution. The proton reflection occurs when the B II Doppler shift is ~ 0.15 A,
whichus‘comparable to the 0.12-A resolution, whereas the B III Doppler shift at this time

Ne P90 A

nterestingly, the B II velocity evolution indicates a non-monotonic behaviour (Fig. 5,
t = 185 ns), in which a higher velocity appears before a lower one. The apparent absence of a
low-velocity value is likely a result of a combination of the rapid acceleration and the limited

temporal-response of the spectroscopic system. However, the appearance of a lower velocity
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a 2D or 3D effect and could indicate a fluctuation in the magnetic-field (as suggested, for

example, in a recent simulation®).

V. CONCLUSIONS }\
i‘%\rements of the electron

d mite a low-resistivity, multi-

This study presents high-spatial-resolution spectrosc
density evolution during the propagation of a magn t‘i_g‘

ton species plasma. The electron density evolution i

inferrsd rom the intensity evolution
of emission lines of dopant ions injected into thé ambi lasma. The spatial resolution
achieved in these measurements is below 1m :ﬁwe xyand z-axes (the y-axis is the sym-
metry axis and thus an axis of nearly constant pr erﬁes). Upon the arrival of the magnetic
field to the observed volume, the present M ents reveal a density-rise that is much
more pronounced, and a subsequent d i@p that is much faster than those observed
in previous lower-resolution measur nts
The Dopant ion-velocity dat e a al;s\ted and used to predict the plasma dynamics,
assuming the existence of an e c&o ntial hill in the propagating magnetic-field reference
frame. This analysis also yields Mtion of the electron density evolution, which is found
i‘nd.%endent density measurements. The data used are the time-
B

(the dopant ion). The scenario we envision is the slowing

to be consistent with t

dependent axial velogity
down of the Vario/us n-gpecies as they climb the potential hill (in the magnetic-field frame).

ios. In the laboratory reference frame, these are the turning points

The protons, C Viand V/reach a complete stop at different potential heights, according to
their charge- ‘&

for the iongre i.(1:5:0113. Detailed simulations of the ion densities and the resulting electron

density show £hat the ion dynamics explains the observed density; the main density peak

is a rgsult o C IV-V reflection, whereas an earlier, local peak, results from the proton

reflection. Tﬁe potential hill is not high enough to stop the C III and other ions with similar
@r arge-to-mass ratios. In the laboratory frame, the plasma of these ion-species is
ertefrat

d by the magnetic field.

0
p

%stress that unlike the reflection of the protons that was directly observed by means of
charge-exchange techniques®!, the inferred reflection of C IV-V depends on the validity of the
electric-potential hill model. We note that other possible phenomena, such as instabilities
or other 3D effects, as well as energetic electrons ejected from the electrodes, may also play

a role in the interaction and their investigation may require better resolutions.
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Appendix A: Derivation of the ion densities 4\
We use the initial ion-velocity distribution function rMa ing the plasma density

during the penetration of the magnetic field. The iods are injected in the x direction. The

1th ion-species velocity distribution function in the VingSrame before the arrival of the

potential hill is:

]?; (Vz,0y,02) = g (Vg (Ugﬁ' i (v2) - (A1)

plasma ions are not magnetized andsassuming the electric field is directed along the z-axis,

The initial velocity distribution functi%&%&snmed to be spatially uniform. Since the

g and h do not vary along the ion tra hrﬁgin z. We choose g and h to be [ duv,g (v,) =
[ dvyh (v,) =1 so that the i(l)éﬂ)\}%h' evolution follows the evolution of f;. Since the
potential hill moves in the z d‘x&!\wi the velocity vy, (> 0) it is stationary in the moving

frame, where all ions move towards,the potential hill with an average velocity —up, so that

H(%+1+sz)—H(%+1—sz>], (A2)

Up Ub Up Up

fi/(v :/ZA?
where H is @e unction and n; is the density of the ith ion-species before the
o)

arrival of t ntial hill. The divergence angle of the ions injected along x results in a
velocity spread Aby, approximated by v sin (m/8), where vy is the average plasma injection
omgh

velocityde e/ﬁlasma source. The distribution function is a function of the energy that is
a constant oiSthe ion motion, and thus satisfies f; (v,, @) = f; (—\/vg +2Zep/mA;, ¢ = 0),
ere Z; A; are the charge and the atomic number of the ith ion-species, and m is the

proton r&ass. In the presence of the potential hill, the ith ion-species density is, therefore

< 0
_ Mgl / 2Zie¢ Av,
ni(gb)—zsz/oodﬁ[H(_ §2+Aimvg+1+ Ub)_ "
3
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Publishiwficre we define § = v, /vy. The last integral is transformed into

NigUp / Vo A 5
ds X
T2A0. V2 = (2Ziep/Amu}) (A4)

" )(f\)}

We denote the height of the potential hill by ¢o. There ie;&ee possibilities for each

ion species: (a) full penetration of the magnetic field, ( ection of the ions, and (c)

penetration of the magnetic field into part of the ions 1on of the other part. In

/2Ze¢0 5
—|- 1 L (A5)

there is full penetration, and all the ions of the it cte.s,chmb the potential hill. Performing

the first case:

the integral, we obtain the densities of thg& S

i 1+Av; /vy ‘x
mio) =g [ " sz/vi\\/x e )
(A6)

MUy . + 27;e¢ B 1 Av, 2 B 27ep
 2Aw, Aymu} U Aymu?
We note that if
sz 27ep
<1-— AT
Amud’ (A7)

the density of t ene plasma ions is approximately

B nzovb 27;e¢ N 2Av, . 27;e¢ 2sz
& Aimvg vy Aymu} vy
- n 2Av (A8)
~ ZOUb z
.... ~CZeolAmed) |y
150
5 \/1 - (2Zie<b/Aimv§)’

N

ich is that of a cold ion-beam.
he second case is that of a full reflection. This happens if
2Z¢€¢0 A'UZ

1
Aymu} Tt b

< 0. (A9)
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Publishiffic density of the ions is composed of both ions climbing the hill and of those reflected. In
this case of full reflection, there are three different regimes. While the potential satisfies
2216¢ AUZ

+1
Aymu? b

> 0, (A10)

all ions of the ith ion-species climb beyond this potential. The ion {{ nsity at these values of
g\%ﬂbing and reflected

the potential is given by (twice that of Eq. A6 to account for bot LSe c
ions):
2
N0V Av, 27;e¢ ? 2Z sep
i (¢) Av, \/( + Up ) A;mu} \/( A;mo? (ALL)
-

Then, while the potential satisfies 3
Av,
1+ > (A12)
U
part of the ions are reflected before rea potential values, and only the more
energetic ions contribute to the density4
N0V
Uz MS-A §° = i i
(A13)
Mo
 Av,
For higher values of the ‘t%
QZ A .
¢ =0 (A14)
A mvb Uy
No ions reachsuc hlgh potential.
The third }as when the peak of the potential, ¢, satisfies
"\ / Av, 27; Av,
N ol B (A15)
Uy Aymug Up

ﬁ
Qs‘; se, part of the ith ion-species plasma is penetrated and the rest is reflected. In our

nt, this situation does not seem to apply to any of the ion species.
\
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