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Investigation of Ne IX and Ne X line emission from dense plasma using
Ross-filter systems
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We report on the application of well-balanced Ross-filter systems for the diagnostics of x-ray
emission from aZ-pinch plasma. The composition and thicknesses of the filter layers were so
selected to yield the intensities of neon H- and He-like emission lines separately with relatively good
accuracy. The systems provide convenient absolute and time-dependent measurements of the
emission intensities, and they are particularly useful for relatively low source-light intensities. The
applicability of the systems is examined with the aid of time-dependent modeling of the stagnating
plasma, using collisional-radiative and radiation transport calculations. The data and modeling are
used to yield information on time evolution of the plasma density and temperature at stagnation.
© 2002 American Institute of Physic§DOI: 10.1063/1.151231]6

I. INTRODUCTION sitions and thicknesses were so selected to provide almost
perfect balancing outside the passband and the maximum

X-ray emission IS widely used_ in the d|agr_105t|cs Of_ hOttransmlssmn inside the bafidAnother advantage of the Ross
plasmas, both in laboratory and in astrophysics. In this ar:. . .
. : S . filters here employed is the narrow passband achieved by the
ticle, we report on the investigation of Zpinch plasma

stagnating on axis by the use of Rass balance filters™ use of elements with successi¥enumbers, due to the spec-

. i . . tral proximity of their absorption edges. This allows for both
for x-ray filtration. Coupling these filters to semiconductor . ) L .
o . . reducing the continuum radiation and the number of lines
detectors that are sufficiently fast provides rather convenient. . L e
o . wijthin the passband, which improves the reliability of the
absolute emission-intensity measurements that are resolve . ! :
. . S interpretation of the Ross-filter signals.
in spectrum, space, and time. Due to their high light collec- , :
. .- . The Ross-filter systems presented here are designed for
tion efficiency relative to crystal spectroscopy systems, such . o i X .

. : ; .~ “the investigation of He-like and H-like neon. Lines of such
devices can be particularly useful for relatively low light . . . ) .
intensities charge states are used extensively in the studies of imploding

) plasmas. The Ross filters were so designed to allow the Ne

A baS|c. Ross-filter system consists of two f|Itr§1t|on ghan—lx and Ne X line radiation to be determined separately. Mea-
nels that view the same plasma volume, each including an

. . . surements for &-pinch plasma column at stagnation and the
x-ray absorbing layer followed by an identical x-ray detector. .
data analysis are presented below.

The layers of the two channels are made of elemé¢oits
compound?sof similar atomic numberg. The thlckngsses of Il EXPERIMENTAL SETUP
the layers in the two channels are adjusted to achieve almost
equal transmission curves for the two channels over the en- The Ross-filter systems used in the present experiment
tire photon energy range, except within the narrow spectralitilize four L, edges. The filters are micron and submicron
region between the layer absorption edgesuallyL, or K layers of Ni, Cu, Zn, or G#;, which were coated on a soft
edge$. The subtraction of the transmission curves of the twox-ray transparent support. The layers were produced by
channels thus gives an almost zero value in most of the phaingle, double, or triple coatindsyhere each pair of the four
ton energies except for the spectral region between thedayers provides a spectral passband.
absorption edges, which constitutes the Ross-filter passband. The passbands used in our experiment include a band
The subtraction of the two channel-detector signals thubetween 852.7 eWNi L, edge and 932.5 eMCul, edge,
yields the total incident x-ray power within the Ross-filter here denoted by Filter I. The transmission curves for each
passband. channel and the resulting transmission curve of the Ross fil-

An essential requirement for an efficient Ross filter is ater are shown in Fig. 1. The filter transmits the neon, He
satisfactory balancing of the two channels outside the pasdine, the intercombination line, and the Heatellites. The
band, in order to minimize the signal due to continuum andbther band, Filter Il, is between 932.5 and 1021.8EN L,
line radiation outside the band. In this study, using detailecedge, transmitting the Ly and most of its satellites, as
iterative calculations of the photon absorption in the layersshown in Fig. 2. The Zr.,, edge lies between the 1/2-1/2
based on tables published by Heréteal. the layer compo- (1021.5 eV and 1/2-3/2(1021.95 eV fine-structure compo-
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FIG. 1. (a) Transmission curves of the two channels of Filter I. Channel 1
includes: 0.15um of Ni, 0.96 um of Cu, and 0.Jum of parylene—N. Here, Energy (eV)

the Cu layer was added to improve the matching of the two channels. Chan- o )
nel 2 includes: 1.Jum of Cu and 0.Lm of parylene—N. The transmission FIG. 3. (a) Transmission curves of the two channels of Filter Ill. Channel 1

curves shown also account for the Fua-thick Be foil used for all chan-  includes: 0.35um of Zn, 1.6 um of Gg0;, 0.1 um of parylene—N, and
nels, (b) The transmission curve of Ross-filter I, obtained by the subtraction2-5m of Al. Here, the GgO; layer was added to improve the matching of
of Channel 1 from Channel 2. the two channels. Channel 2 includes: @n of Gg0O;, 0.1 um of
parylene—N, and 2.5m of Al. The transmission curves shown also account
for the 7.5um-thick Be foil used for all channelgb) The transmission
o curve of Ross-filter Ill, obtained by the subtraction of Channel 1 from
nents of the neon Ly, thus only transmitting part of the channel 2.

Ly, , which is accounted for in the data analysis given below.
The third band, Filter Ill, is between 1021.8 and 1116.7 eV
(Gal, edge, thus transmitting the Lypart that is not trans-  jine, and the Hg satellites, as shown in Fig. 3. The radiation
mitted by Filter 1I, besides Hg, the He intercombination  through all filters first passes through a 7/&m-thick Be
foil.
For the signal detection, we used Quantrad x-ray diodes

0.141(a) ... Filter I Channel 1 with a 3-mn? sensitive area, and with a Ogfn-thick Si
0129 Filter I Channel 2 entrance window followed by a 3am-thick Si layer, which

g 010 allows for sufficiently fast respongéhe sensitivity curves of

é 3j§23 the diodes were accounted for in the data analysis given be-

£ 0.04] b low).

& 002 : The experiment was performed using a L2-300-kA
0.00] v gas- puffZ-pinch system. Using neon as the working gas, a

L plasma column 14 mm in length and about 1 mm in diameter
is formed at stagnation on axis, with its temperature being in
0.08 - the range of hundreds of electronvolts, leading to a 20—30-ns
duration x-ray emission dominated by Ne IX and Ne X lines.

0.06 4

g ] The Ross-filter systems were placed 88 cm from the
é 0.04 - pinch axis viewing the plasma column from the side, yield-
g T ing the time-resolved intensities in the three spectral win-
[E’ 0.021 dows given above simultaneously. The axial spatial resolu-

0.00 | tion was set by a collimator to be 1.6 mm and the temporal
resolution was 3 ns.

T T T T M T v 1
0 500 1000 1500 2000
Energy (eV)
Ill. MEASUREMENTS AND DATA ANALYSIS
FIG. 2. (a) Transmission curves of the two channels of Filter II. Channel 1
includes: 0.2um of Cu, 1.2um of Zn, and 0.1um of parylene—N. The Zn In examining the Ross-filter system, it is primarily re-
layer was added to improve the matching of the two channels. Channel guired to verify that the signals of the two channels, when

includes: 1.44um of Zn and 0.km of parylene—N. The transmission curves ; ; ; : ; ; :
shown account for the 7.am-thick Be foil used for all channelgh) The operated using an identical filter, yleld by their subtraction a

transmission curve of Ross-filter 11, obtained by the subtraction of ChanneF€r0 _Si_gnal-_ This examinati_on is of SDECi_al importance for
1 from Channel 2. fast-rising signals that require the use of identical fast elec-
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. 1000 ' ' . kA like relative to the H-like ions. In the experiment, the mea-
§ 0 v . 4300 sured total peak x-ray emission powers, from the pinch axial
< ool et (a)f 200 port|on_ o_bserved, ranged betW(_een 80 and 130 and 3_0 and 40
3 000 L L . o ;00 MW within the passbands of Filters | and Il, respectively.
In interpreting the signals obtained from the Ross filters,
s 2 :—-—-—Fillterlch;mnell v (b)- three factors have to be accounted for: The spectral lines that
§‘—; 10koooot Filter I channel 2 J lie within the filter passband; the continuum radiation within
X5 i 1 the band; and the signal resulting from the x-ray radiation
? Ol = outside the passband, allowed for by the imperfect balancing
-~ 20 — T — of the two channels. The effect of each of these factors
E% 10 .—.iiﬁgﬁﬁmjg (C)_' evidently depends on the specific parameters of the plasma
X5 . studied.
“ 0 ety 3 The assessment of the relative importance of these fac-
S 20 — tors requires modeling the plasma at stagnation. Radiation
E g ol Filter I (d); from plasmas irZ pinches has been modeled, for example in,
g2 T Filter 1T Ref. 7, where the plasma was assumed to be in collisional-
£ = i radiative equilibrium. Such an assumption is expected to be

0

200 400 600 800 1000

Time (ns)

satisfactory for sufficiently dense plasmas or for plasmas
with properties that vary relatively slowly in time. Our cal-
culations demonstrate that these requirements are not ful-

FIG. 4. Examination of the channel balan¢a. Traces ofd1/dt (solid line)
obtained from a B-dot probe and the currefid@shed ling (b) The signals
of the two channels of Filter | measured through a.iB-thick Be and
1.1-um-thick Cu foils; (c) The same asb) for Filter I, (d) The signals of
Filters | and Il resulting from the subtraction of the two channeléjnand
(c), respectively.

filled for the conditions of the stagnating plasma in the
present experiment. We thus used a simulation of the plasma
emission that accounts for the time dependence of the plasma
properties and assumes no collisional-radiative equilibrium.
The simulation was carried out using the time-dependent
collisional-radiative model described in detail in Ref. 8.

tronics and cable lengths. For this examination, we used griefly, the time-dep_endent rate eql_Jations_ are solved for _aII
15-um-thick Be filter covered by a 1.&m-thick Cu foil for ~ 10NS of neon assuming the plasma is a uniform column with
all four detectorgthe Cu foil was required for avoiding the @ Prescribed time-dependent electron temperakuft. The
signal saturation The difference of the signals of the various Model also assumes a constant total misswithin the
pair channels allowed for examining the balancing of thePlasma column and a time-dependent plasma outer radius
channels, together with assessing the signal noise level, &¥t), which together fix the ion density(t), where the elec-
shown in Fig. 4. Such measurements showed that the varioon densityng(t) is calculated from the plasma neutrality

channels were balanced to within 3%. Also, the absence diondition.

any signal prior to the plasma stagnation on axis demon-

The following atomic processes were accounted for in

strates that no radiation other than the x-ray radiation at staghe rate equations: electron-impact excitation, deexcitation,

nation reaches the detectors. e oo .
In Fig. 5 we present examples of signals measured usingmatlon; spontaneous radiative decays; autoionization, and

Filters | and II(in the present article only measurements withdielectronic capture. The elementary characteristics of the
these two filters are presenjedt is seen that the signal of kinetic processes, which are the process cross-sections and

Filter | starts about 3—4 ns prior to and last20 ns after the

and ionization; three-body, radiative and dielectronic recom-

transition probabilities, were mainly calculated with the

signal of Filter I, indicating the longer presence of the He-ATOM cod€ for collisions and theRCN/RCN2/RCG Hartree-

-
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FIG. 5. Total radiation power measured with Filters | and II.

Fock codé® for radiative and autoionization probabilities.

Calculations were performed for various temporal func-
tions of the electron temperature and of the plasma outer
radii in the range relevant to orpinch plasma. The values
of the massM, constant for each calculation, were taken
between 1 and Jg/cm, consistent with the known initial
mass in the gas puffe 18 ug/cm, and the knowledge that a
small fraction of the initial gas participates in the final
plasma compression phaSeThe rest of the mass in the gas
puff was ignored in the present modeling. The values used
for the minimal radius of the plasma colunpeak compres-
sion) were between 0.3 and 1 mm, consistent with the x-ray
pinhole pictures of oug-pinch plasma?

Since the x-ray emission within the filter bands origi-
nates primarily from the highest-charge ions, the collisional-
radiative modeling was done with the emphasis on a detailed
description of the Li-, He-, and H-like ions of neon. The
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number of stategmostly atomic termksin these ions, includ- R B L B
ing the autoionizing levels, was about 40, 45, and 15, respec-
tively. Since then=2 ton=1 transitions provide most of the
emission within the filter passbands, the2p 3P term in Ne

IX and the n=2 state in Ne X were split into the fine-
structure component®s;,», 2p12, and P, for the latter,

to achieve the most accurate simulation of Kxehell emis-
sion. This is especially important for they, emission since

in our experiment, as stated above, its 1/2 and 3/2 compo-
nents were recorded by different filters. The emission of the
satellites to the He and Ly, resonance lines, due to the 300
dielectronic and inner-shell excitation processes, has also

Radiation power (MW)
5 8 2 8 8

[
o

pr-4
q

been modeled in detail, with proper account of all coupling o T H
channels between them and other levels. <r 4 2
The optical thickness for the line transitions in the stag- 3 150 3
nating plasma was calculated in the present simulations, as-  +° | RSO -.—"7 1 8
suming the line shapes are Doppler dominated and the ion 1001 -~ “_z'g
temperature is equal ©,(t). These assumptions yield opti- 50| R (b) 12
cal depth values of 15-30 for the H- and He-like-ion reso- I N T
nance lines emitted radially out of our plasma colufitris #s0 785 Tim’:‘zns) 765 7

estimated that in reality, the optical thickness values can be
up to three times lower due to possible larger contribution oFIG. 6. (a) Total radiation power within the pass bands of Filters | and Il at
the Doppler broadening to the linewidihdhe effect of the the time of the emission peaks. Experimental data are shown by symbols

. . - - and the simulation results by solid curveb) The electron temperature
optical thickness on the level populations was taken into a (1) and outer plasma radit(t) used in the simulations given ifa).

count in the escape factor approximation. Such calculateflere, the mass density was assumed to bey&m, and the resulting
populations were then used to solve the radiation transfeslectron density(t) is given in the figure.

equation and to synthesize the plasma emission spectrum

within the filter bands.

It is noteworthy that found in our modeling is that most
of the satellite lines within the filter passband result from
dielectronic recombination of H-like and He-like iofrather
than inner-shell excitations of He-like and Li-like ions, re-
we calculated the intensities Ofspectively. Thus, the line intensities recorded by Filters |

lines within the passbands of all filters, including the inter-2nd Il are proportional to the total abundances of the He- and
combination and satellite lines. The continuum radiation!-1ik€ ions, respectively. This allows direct information on

(free—free and free-boundvas also calculated for various e densities of Ne [X and Ne X to be obtained from the
nals of the Ross filters here used. The densities of Ne VIII

plasma densities and temperatures within the relevant ran%g X ! X 2
of our plasma parameters, and found to contribute about 29§ N& X! predicted by the modeling described in Fig. 6 are
Sshown in Fig. 7.

to the total light intensities within the passbands of the filter i )

used. We thus used the modeling described above to fit the AS Stated above, there is a need to estimate the measure-
intensity of the line radiation within the passbands of allMent error resulting from the detection of the radiation out-
filters. side the passbands, due to the incomplete balancing of the

A satisfactory fit for the data obtained using this model-
ing is shown in Fig. 6), together with the experimental
signals of Filters | and Igiven in Fig. 5, zoomed at the
time of peak emission. Based on this rather satisfactory fit
for the two-filter data, it is seen that within the assumptions

IV. RESULTS AND DISCUSSIONS

Using this modeling,

8x10" " T v T " T

18

of this modeling, these data allowed for obtaining informa- ?exw
tion on the peak electron temperature, about 280 eV, and the <
electron density, about>610*° cm™2 (i.e., an ionic density 2 110®
of about 6x 10'%m™3), in the presently studied-pinch col- g
umn. An apparently less satisfactory agreement of the mod- g

eling results with the Filter | data may result from plasma 2x10"
nonuniformity, which is not accounted for in our modeling.

Note that the measurement of the absolute Ne IX and Ne X ,
line intensities was essential in obtaining bounds on the total 956785 760 765 770
plasma mas# (and the ion densityin the plasma column, Time (ns)

which in turn affects the opacity effects in the plasma and the: g, 7. absolute densities of the high-charge states of ridter\VIll to Ne
ionization rategthrough the value of the electron dengity  XI) and the total ion density for the plasma parameters of Fig. 6.
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In summary, it was demonstrated that Ross-filter systems
can serve as a convenient tool for obtaining rather accurate
time-dependent and absolute measurements of x-ray emis-
sion from hot plasmas. Measurements of Ne IX and Ne X
line radiation using such systems, together with time-
dependent collisional-radiative and radiation-transport mod-
eling, allowed for studying the properties of the stagnating
plasma in a gas-puff-pinch experiment operating with a
current at the 300-kA level. Further information on such a
plasma can be obtained by combining the Ross-filter mea-
surements with data obtained from additional spectroscopic
x-ray diagnostics.

FIG. 8. The relative errofin percent in measuring the radiation within the ACKNOWLEDGMENTS
pass bands of Filters | and Il as a function of the electron temperature. Here,
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