X-RAY LINE SPECTROMETRY IN EXPERIMENTS
WITH THE ALUMINIUM Z-PINCH

S.S. Anan ’evl, S.A. Dan ’kol, Yu.G. Kalininl,
Fan Y&, Yi Qin’, Shuging Jiang’, Feibiao Xue’, Zhenghong Li’, Jianlun Yang’, Rongkun Xu’

"RRC “Kurchatov Institute » Moscow, Russia;
?Institute of Nuclear Physics and Chemistry, Mianyang, People’s Republic of China

X-ray line spectrometry with temporal resolution was developed for registration of [He]- and [H]-like aluminium
ions spectrum. It was chosen a scheme with scintillator converting X-ray spectrum into the visible image, which was
transferred through the flexible optical fiber to the entrance slit of the streak camera. In Z-pinch experiment on the high
current S-300 generator the aluminium line spectrum was registered with nanosecond time resolution. The simultaneous
appearance of [He]- and [H]-like aluminium ions radiation was observed, that is the evidence of high electron
temperature existence in the plasma for a long time before the main part of the load mass comes to the axis. The
noticeably changing of radiating plasma parameters was found after the computer treatment of line spectra: the electron
concentration is varied in five times ((3...14)-10" cm™), electron temperature in three times (0.3...1 keV), ion
temperature in five times (20...100 keV), — during 50 ns. The great difference between the electron and ion temperature
holds during all radiation time and demonstrates the ineffective energy transfer from the kinetic energy of ions to

electron.
PACS: 52.70.La, 52.59.Qy

X-ray spectral lines registration with temporal resolution
accompanied by standard diagnostic equipment [1] was
carried out on S-300 high-current generator in wire-array
implosion experiment. The nested Al wire array was of the
next parameters: the height of 15 mm, outer array of 12 mm
in diameter contains 48 wires, inner array of 6 mm in
diameter contains 24 wires that were of 15-microns in
thickness. The whole load mass was of 348 pg.

It was chosen a scheme with scintillator converting X-
ray spectrum into the visible image, which was
transferred through the flexible optical fiber to the
entrance slit of the streak camera. The main advantage of
this scheme is the convenient adjustment to the interesting
spectral interval by ease varying of the X-ray incidence
angle to the crystal and the distance between the crystal
and scintillator. This principal scheme is presented in
Fig. 1.
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Fig. 1. The spectrum registration scheme

Spherically bent mica (d = 9.906973 A) crystal was a
dispersive element for [He]- and [H]-like aluminium ions
spectrum. X-ray focusing ability both in the dispersive
plane and in the sagittal plane favour to increase the
gathering force of spectrometer in a few times.
Scintillator film made of polystyrene with p-terphenyl of
20 um in thickness and of 2.5 ns response time was
placed immediately on the frontal surface of the optical
fiber. X-ray spectrum was focused in sagittal direction on

the scintillator plane at the distance of ~83 mm from the
crystal. The fiber of 50 cm in length was round in cross
section of 30 mm in diameter. It transfers the spectrum
image with spatial resolution of ~20 pm. Vacuum-proof
end of the fiber went out to the air through the annular
sealing. To this round fiber end two rectangular fiber with
cross section of 2x6 mm were optically connected. Owing
to these two relocatable fibres one can transfer two
interesting spectral intervals to the entrance slit of
photocathode of the compact streak camera K008 [2]. The
detailed description of the registration scheme is available
in [3,4].

Fig.2 presents the usual set of the experimental data
obtained during the wire array implosion. Chronograms of
the resonance [H]-like ion and [He]-like ion lines and
intercombination line of [He]-like ion of aluminum are
shown there. There are traces of the soft X-ray radiation
in the figure; voltage (right scale) and the current through
the load (left scale) overlapped with the light streak image
of the plasma. Soft X-ray traces have usually one or two
spikes so as the first one always correlates with the most
constricted phase of the plasma. Small discrepancy of
2...3 ns between the soft X-ray detectors maximum and
aluminum characteristic line maximum could be
explained by more wide spectral interval hv>150 eV
registered by the filtered AXUV-5 detector in comparison
with the narrow K-spectrum of aluminum, which is
attributed to the most hot region of the plasma. Next
spikes of soft X-ray signals detected by AXUV-5
detectors coincide satisfactory with the spectral lines
intensities maxima. Both [He]-like and [H]-like ions
radiation appear simultaneously in all experiments; at this
moment time resolution of the recorded system is
determined mainly by the scintillator and is ~2 ns.
Moreover, sometimes [H]-like ions intensity rises more
rapid then intensity of [He]-like ion (Fig.3). But
following the model of the plasma implosion where the
electron temperature of the cold moving plasma rises
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Fig. 2. Experimental data from the shot 06_5#2. Overhead: traces of two identical AXUV-5 detectors of soft X-ray;
voltage (right scale) and current (left scale) through the load overlapping with the light streak image of the load. At the
foot: X-ray characteristic lines streak synchronized with traces. Intensity of lines is expressed in the conditional colors;
the scale of intensity is left from the streak. Time is in ns. Right hand side is placed the intensity profile at the moment of

the maximal [He]-like ion radiation. Upside of streak: time evolution of the line Res AIXIII 1s-2p; downside — Res and
Int AIXI1 1s%-152p

owing to heat flux from the ions heated in its turn after the
implosion to the axis. So, [He]-like ion radiation should
appear first. And then after the consequent ionization
stage will appear line radiation of [H]-like ion.
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Fig. 3. Normalized to unity intensities of Res AIXIII 1s-2p
and Res AIXI1 1s>-1s2p lines in shot 06_5#1. Time in ns is

counted from the electrical current maximum

If we evaluate the time required to this ionization, than
according to the W. Lotz formula we find t;,, ~ 12 ns at
T.=600 eV u N=10* c¢m? [5, p.163]. The absence of
such a delay gives a support to think that a long enough
time before the radiation of the characteristic radiation
could be detected, plasma with the electron temperature
of a few hundred electron-volts exists. This plasma could
be originated from the precursor plasma generated in the
very beginning of the load implosion. Considering the
next evolution of line radiation, it’s seen the diminishing
of the [H]-like ion radiation and the increase radiation of
[He]-like ion, indicating some plasma cooling (see Fig.3).
Computer simulation was used for the treatment of
obtained spectra. It is based on the colliding-radiation
plasma model taking into account radiation transport in
the form of escape factor [6]. Plasma is considered as a
steady-state uniform cylinder, T; and T, are not linked.
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Fig. 4 shows the simulation results when input parameters
were experimental ratios of spectral line intensities and
one spectral line width. It was found that plasma
parameters noticeably vary during the radiation time of
50 ns as follows: N, in 5 times ((3...14)-10" cm™), T— in
3 times (0.3...1 keV), T; —in 5 times (20...100 keV). The
minimal radius of plasma was calculated as 1 mm, which
correlates with the image size of the constricted plasma
“rope”. Plasma ion pressure n;T; exceeds the magnetic
pressure B%/8m of the electric current at the calculated
radius of plasma. The linear mass of the radiating plasma
is counted up of the interval from a few percents till the
whole initial mass of the load.
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Fig. 4. Calculated plasma parameters in shot 06_05#1



This fact testifies to the reliability of the performed
treatment in spite of the low spectral resolution of the
registration system and plasma volume averaging of the
obtained spectra. The time required for the temperature
equilibrium between ions and electrons in plasma can be
evaluate according to the L. Spitzer — V.I. Kogan [7] as
follows

1o % G4+ 107 Bl | 51
e
for electron concentration Ne=10*cm>, and temperature
T~ 400 eV, A- Coulomb logarithm, A- atomic weight of
the ion. For concentration of N.<10* cm™ the energy
exchange between ions and electrons becomes slow in
comparison with the stagnation time t = Ry/v =
0.1/5-10'=2 ns and ineffective. The great contrast between
T; and T. demonstrates the heat flux from ions to
electrons in aluminum plasma is not as high as the
electron radiation loses. It is worthy to note, the
calculation results often show the abrupt changing in the
plasma parameters during the shot that is the evidence of
the radiation attribution to different regions of the plasma,
which is multipoint in the structure. This structure is well
seen in X-ray snap images of the plasma.

Now we are unable to explain exact mechanism of the
early electron heating. Probably, it is due to the specific

plasma dynamics
multiwire loads.

in the experiments with nested
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CHIEKTPOMETPHS PEHTTEHOBCKHX JIMHUM B SKCIIEPUMEHTAX
C AIIOMUHHUEBBIM Z-IIMHYEM

C.C. Ananves, C.A. /lanvko, I0.I'. Kanunun,
Fan Ye, Yi Qin, Shuqing Jiang, Feibiao Xué’, Zhenghong Li, Jianlun Yang, Rongkun Xu

Pa3paborana meToauKka il PETHCTpPAllMM C BPEMEHHBIM pas3pelieHneM peHTreHoBckux JmuHui [He]- m [H]-
MOJOOHBIX MOHOB ANOMHHHS. PEHTIEHOBCKHII CIIEKTP HPEOOPa30BBIBAICS C MOMOIIBIO CLHUHTHIUIATOPA B BHIMMOE
n300pakeHne, KOTOPOE MEPEeHOCHIOCh THOKMM CBETOBOJAOM Ha BXOJHYIO INENb 3JIEKTPOHHO-ONTHYECKOTO
npeobpaszoBatens. Perucrparnys crekrpa NpoBoMiIachk C HAHOCEKYHTHBIM Pa3pelICHUEM B SKCIIEPUMEHTAX C Z-TTMHYEM
Ha cuibHOTO4YHOM reHeparope C-300. Habmonanock onHoBpeMeHHoe nosiBinenue nuHui [Hel- u [H]-nogo6Hbix noHos
ATIOMUHUS, YTO SIBJISIETCS CBHJICTETILCTBOM HAJMUUS BBICOKOW 3JIEKTPOHHOM TeMmmepaTyphl B IUIa3Me 3aJ0Jro 10
MOMEHTA INPHUX0/ia K OCH OCHOBHOM Macchl Z-mnH4Ya. KoMmbroTepHas 00paboTKa CIIEKTPOB BBISIBWIJIA 3HAUYUTEIBHBIC
M3MEHEHHS MapaMETPOB TIa3Mbl B MPOLECCE CKATHS: KOHIEHTparuu B math pa3 ((3...14)-10" em™), snexrponnoit
temriepatypsl B Tpu (0.3...1 k3B), nonHO! Temmeparypbl B 1Tk pa3 (20...100 ka3B) — 3a 50 He. bonbmioit pa3psiB
MEXIy MOHHOH M 3JIEKTPOHHOW TeMIIepaTypaMH JIEMOHCTPHPYET Hed((PEKTUBHOCTD IE€peladd SHEPrHH OT MOHOB K
JIEKTPOHAM.

CIIEKTPOMETPISI PEHTTEHIBChKUX JIIHIA B EKCIEPUMEHTAX 3 AJTFOMIHIEBUM Z- ITHYEM

C.C. Ananses, C.A. /lanvko, FO.I'. Kaninin,
Fan Ye, Yi Qin, Shuqing Jiang, Feibiao Xue, Zhenghong Li, Jianlun Yang, Rongkun Xu

Po3pobnieHO MeTOAMKY s peecTpanii 3 4acOBUM JI03BOJIOM peHTreHiBchbkux diHid [Hel- 1 [H]-moniOHuX ioHiB
QIIOMiHII0. PEHTreHiBChKMI CIEKTp NEepeTBOPIOBAaBCS 32 JONOMOTOI0 CHUHTHIUIATOpA Y BHIMME 300pa’keHHS, 10
MIEPEHOCHIIOCS THYYKUM CBITJIIOBOJIOM HA BXIIHY LIIMHY €JIEKTPOHHO-ONITHYHOIO IIepeTBOpIOBaya. Peectparis criekrpa
MPOBOJMIIACS 3 HAHOCEKYHIHUM JO03BOJIOM B €KCIIEPUMEHTaxX 3 Z-IiHYeM Ha MOTYXHOCTpyMoBoMy reHeparopi C-300.
Croctepiranacst ogHovacHa mosiBa JdiHiid [He]- i [H]-moxiOHUX i0HIB anmroMiHifo, IO € CBiAYCHHAM HassBHOCTiI BUCOKO1
€JIEKTPOHHOI TeMIIepaTypy B IDIa3Mi 3aJ0BrO 10 MOMEHTY HPUXOAY IO Oci oCHOBHOiI Macu Z-minda. Komm'iorepHa
00poOKa CIIeKTpiB BHSABWIA 3HAYHI 3MIiHH MapaMeTpiB IUIa3MH B IPOIECi CTHCKY: KOHIEHTpamii B MH'STh pasiB
((3...14)-10"cm™), enexrponnoi Temneparypu B tpu (0.3...1keB), ionHoi TemmepaTypu B m'ath pazis (20...100 keB) — 3a
50 He. Benukuii po3puB MiXk 10HHOIO i €NEKTPOHHOIO TEMIIEpaTypaMH JAEMOHCTpYE Hee(eKTUBHICTh mepeaadi eHepril
BiJ] 10HIB JI0 €JICKTPOHIB.
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