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The invited paper reports on measurements of soft x-rays emitted from hot plasmas produced in a modernised
PF-1000U facility. The discharges were performed at the D,-filling with or without a Ne-admixture, under the initial
pressure of 0.9 or 1.5 Torr and at the initial charging voltage equal to 16 or 18 kV. Time-integrated x-ray images
were recorded with a pinhole camera situated side-on, at an angle of 75° to the z-axis. Differences in the pinch
column structure were observed. Time-resolved measurements were performed with four PIN diodes located behind
filtered pinholes. Two couples of PIN diodes (with Be-filters of 7 and 10 um in thickness) observed 30 mm-diam.
regions which had centres at a distance of 30 and 60 mm form the electrode outlets. From the recorded time-
resolved x-ray signals the electron temperatures (T,) were calculated. For the pure D,-discharges the estimated T,
values ranged from 75 to 250 eV depending on the discharge conditions. For discharges with a Ne-admixture T,

values were higher and reached about 800 eV.

PACS: 52.50.Dg; 52.58.Lq; 52.59.Hq; 52.70.-m; 52.70La

INTRODUCTION

Measurements of x-rays emitted from high-
temperature plasma supply valuable information about
its structure, composition and temperature [1-2]. Such
measurements were performed during extensive studies
of high-current pulse discharges within a modernised
PF-1000U facility, but they concerned mainly a
comparison of time-integrated x-ray pinhole images
recorded at different initial gas conditions [3]. More
detailed measurements of x-rays from discharges in PF-
1000U experiments, which were carried out with two
pinhole cameras, have been reported in another paper
[4]. In that study there were also performed preliminary
time-resolved measurements with filtered PIN diodes,
which observed different regions of the pinch column,
but the analysis of x-ray peaks concerned only their
correlations with current filaments and hot-posts
recorded on time-integrated Xx-ray images. Detailed
time-integrated x-ray measurements were performed
later and attention was focused on the observed micro-
structures (i.e., current filaments and hot-spots), but the
time-resolved x-ray signals were correlated with the
observed current filaments only [5]. Some time-
integrated x-ray measurements and analyses of fast
electron beams were carried out in another experiment,
but it was performed in a smaller PF-360U device [6].
More accurate x-ray measurements in the PF-1000U
facility and some estimates of the electron temperature
have been performed recently, but the use was made of
two PIN diodes only [7].

The main aim of this paper was to present results of
new detailed x-ray measurements carried out by means
of a filtered pinhole camera and four PIN diodes, which
were located behind pinhole collimators with different
filters. The first aim was to compare the time-integrated
x-ray images which could supply information about
differences in the internal structure of the pinch column.
The second aim was to analyse time-resolved x-ray
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signals recorded behind different filters, and to estimate
values of the plasma electron temperature.

1. EXPERIMENTAL SET-UP

The reported experiments were carried out within the
modernised PF-1000U facility which was equipped with
460 mm long coaxial electrodes. The outer electrode
was composed of 12 stain-less steel tubes (each of

80mm in diameter) which were distributed
symmetrically upon the 400 mm diam. cylindrical
surface. The inner electrode (anode) was a

230 mm diam. copper tube of closed by a copper plate
with a 50 mm diam. central hole. That hole contained a
fast-acing gas valve oriented along the z-axis.
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Fig. 1. Cross-section of the PF-1000U chamber, which
shows positions of the diagnostic equipment

During the investigated discharges in the PF-1000U
device there were recorded voltage and current-
waveforms, as well as laser-interferometer images (with
a spatial resolution of 500 um) which were obtained
from a multi-frame Mach-Zehnder system equipped
with a Nd:YLF laser (generating 1-ns pulses, at
A =527 nm). Also recorded were hard x-ray and
neutron-signals from scintillation probes, as well as
neutron yields from silver-activation counters [8-10].
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Other diagnostic tools were placed around the PF-
1000U chamber, as shown in Fig. 1.

In order to record time-integrated x-ray images the
use was made of two pinhole cameras equipped with
sensitive x-ray films. The first camera had a 1000 um
diaphragm and a 500 um thick Al-filter, while the
second camera had a 200 um diaphragm and a
10 um thick Be-filter. They were oriented at different
azimuthal angles, but the both cameras looked the PF
pinch column.

In order to obtain time-resolved x-ray signals from
the investigated PF-1000U discharges the use was
made of four PIN diodes of the Hamamatsu S9055 type,
which had active areas of 0.2 mm in diameter and could
record photons < 1 keV. They were located behind four
separate 100 um diam. pinholes which were shielded by
different absorption filters. These PIN diodes, were
placed inside a small vacuum chamber pumped out by a
turbo-molecular pump [11]. A general view of a
fragment of the PF-1000U chamber with the installed
x-ray pinhole camera and the whole set of the PIN-
diodes is shown in Fig. 2.

Fig. 2. X-ray pinhole camera with a rotated film and the
PIN diodes system installed at the PF-1000U chamber

Due to the use of the separate collimators the PIN
diodes could detect x-rays from chosen parts of the
plasma pinch column. During the reported experiments
a 30 mmdiam. viewing field of two PIN diodes,
equipped with different absorption beryllium (Be) filters
(of 7 and 10 um in thickness), was chosen on the z-axis,
with its centre at a distance of 30 mm from the electrode
ends. The second identical couple of the PIN diodes
observed another 30 mm diam. field, with the centre at a
distance of 60 mm from the electrodes, as shown in
Fig. 3.

According to tests of the applied Hamamatsu S9055
diodes, which were performed in the ACS Ltd.
Laboratory, the rise time of these detectors was about
100 ps, the fall time amounted to 220 ns, and the
FWHM was equal to about 300 ps [11]. Their temporal
responses did not depend considerably on the used
electronic cables.

It should be mentioned that the applied Be-filters of
different thickness were chosen in order to make it
possible to estimate electron temperature (T.) values of

ISSN 1562-6016. BAHT. 2016. Ne6(106)

plasma column emitting the observed x-radiation. For
this purpose the use was made of a dependence of the
x-ray intensity on the wavelength (L) and energy
(E = hc/)) of the radiation, the T, value of the emitting
medium, and the absorption of the applied filters.
(characterised by their absorption coefficients pj(E) and
thicknesses d;). This dependence is described by the
known formula

I, oc A2 (kT,) *2exp (— E/kT, —Z p; (E) - di],

where the subscript j describes different filter materials
characterised by their absorption coefficients p;(E) and
thicknesses d; [12].
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Fig. 3. Viewing fields of the PIN diodes during the x-ray
measurements in the PF-1000U experiment

On the basis of the formula given above it was
possible to compute the ratio of the x-ray intensities
measured behind the chosen Be filters versus the
electron plasma temperature, as shown in Fig. 4.

| o/l :
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Fig. 4. Ratio of the x-ray intensities recorded behind
Be-filters of 7 zm (1.3 mg/cm?) and 10 zm
(1.85 mg/cm?) in thickness, as a function of the electron
temperature

It should, however, be noted that the described
measuring technique might be applied under specified
conditions only: 1. The absorption filters are made of
the same material (in this case Be); 2. The observed
plasma discharges do not contain many impurities; 3.
The Bremsstrahlung emission from plasma is
characterized by the Maxwellian distribution; 4. The
measured T, values are high enough to neglect an
influence of the recombination effects.
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2. EXPERIMENTAL RESULTS AND
DISCUSSION

The reported recent series of experiments in the PF-
1000U facility was started by performing routine
diagnostic measurements. The preliminary discharges
were carried out at the pure Do-filling at the initial static
pressure of 0.9 or 1.5 Torr, and the initial charging
voltage of the condenser bank equal to 16 or 18 kV. The
discharge current waveforms and the current-derivative
(d1/dt) traces, as obtained from the Rogowski coil, were
correlated with signals from the scintillation probe
(recording hard x-ray and neutron pulses) as well as
with the time resolved signals from the PIN diodes
described above. An example of typical waveforms and
temporal correlations is presented in Fig. 5.
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Fig. 5. Signals obtained from the PF-1000U discharge
#11268. Current derivative waveform (dl/dt) is
correlated with hard x-ray (X) and neutron pulses (N),
as well as with soft x-ray signals from two pairs of the
PIN diodes

From the presented example one can easily see that
the investigated discharge produced three hard X-ray
peaks and three distinct neutron pulses, which were
shifted in relation to the hard x-ray peaks by a time-of-
flight of neutrons to the scintillation detector (equal to
about 280 ns). The distinct soft x-ray signals were
emitted during the first hard x-ray emission only, and a
time shift between signals from the first pair of the PIN
diodes and those from the second pair of the detectors
was evidently caused by some delay of the emission of
from the second observation region in relation of that
from the first one.

An inteferometric image and a time-integrated x-ray
pinhole image, which were obtained for a typical for
PF-1000U discharge under static gas conditions, are
shown in Fig. 6.

In order to estimate the average electron temperature
(Te) values in the observed regions of the plasma
column, a more detailed analysis of the x-ray signals
from two pairs of the PIN diodes was performed. An
example of such an analysis is presented in Fig. 7.

From a comparison of the signals intensities an the
diagram shown in Fig. 4 it was estimated that in the
considered discharge the T, values in the first region
and the second one were equal to 180 and 100 eV,
respectively.
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Fig. 6. Comparison of the image obtained with a laser
interferometer with that recorded with an x-ray pinhole
camera from a PF-1000U discharge # 11269. Two
circles show the observation fields of the PIN diodes
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Fig. 7. Time-resolved x-ray signals from two pairs of
the filtered PIN diodes, as recorded for the PF-1000U
discharge #11269 which was performed under the static
gas conditions, at p, =2.0 hPa D, and Uy = 18 kV

In subsequent experiments the discharges in the PF-
1000U facility were carried out at the dynamic gas
conditions, i.e., with the additional gas puffing of 1 cm®
of pure deuterium, under the pressure of 0.1 MPa, at the
instant of about 2 ms before the main discharge
initiation. An example of the soft x-ray signals, which
were recorded at such conditions, is presented in Fig. 8.

From the signals presented in Fig. 8 one can easily
see that (in contrary to discharges at the static gas
conditions) the application of the additional gas puffing
caused a more complex structure of the x-ray emitting
regions. In addition to the first x-ray signals there were
emitted other short pulses (spikes). From a comparison
of the signals intensities from Fig. 8 and the diagram
shown in Fig. 4 it was estimated that in the considered
discharge the T, values in the first region (placed closer
to the electrode ends) were 210, 265 and 550 eV,
respectively. In the second (more distant) region the T,
values were evidently lower and they amounted to 115
and 110 eV only.

The observed x-ray spikes and a rise in T, value, as
observed with a time shift of 160...180 ns, might be
explained as a result of the formation of tiny plasma-
filaments and hot-spots, which can be characterized by
higher plasma densities and temperatures [2, 13-15].
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Fig. 8. Time-resolved x-ray signals from two pairs of
the filtered PIN diodes, as recorded for the PF-1000U
discharge #11493 which was performed at p, =1.2 hPa

D, and U, = 16 kV, but with the use of the additional

D,-puffing (about 2 ms before the main discharge)

The next series of discharges within the PF-1000U
facility was performed with the addition of a small neon
(Ne) admixture. From earlier studies [16-19] it was
known that at the application of a heavier gas there
appear distinct hot-spots. Such effects have also been
observed during the discharges investigated in the

described PF-1000U experiments, as shown in Fig. 9.

5cm

Fig. 9. Comparison of the time-integrated picture of the
visible radiation with that taken with an x-ray pinhole
camera for a PF-1000U discharge # 11501, which was
performed under the static filling at po = 1.2 hPa D, +
1% NeZ, GPD2 and Uo =16 kv

The x-ray pinhole image presented in Fig. 9 has proved
that during the investigated PF-1000U discharge in the
viewing fields of the PIN diodes there were formed several
distinct hot-spots. These tiny plasma regions could have a
considerably higher density and temperature, what might
induce the emission of intense x-ray spikes. In order to
estimate the T, values for the considered discharge a
detailed analysis of the soft x-ray signals from the PIN
diodes was performed, as shown in Fig. 10. On the basis of
the x-ray signals presented in Fig.10 and the diagram
shown in Fig. 4 it was estimated that in the considered
discharge the T, values in the first observation region were
equal to 315, 470, 830 and 740 eV, respectively. In the
second observation region, similarly to the discharges
without any admixture, the T, values were lower and they

amounted to 86, 135 and 105 eV only.
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Fig. 10. Time-resolved x-ray signals from two pairs of
the filtered PIN diodes, as recorded for the PF-1000U

discharge #11501 performed with a small Ne admixture

It should here be noted that the highest values of T,
were obtained on the basis of distinct x-ray spikes,
which were probably emitted from the observed hot-
spots. This hypothesis has been confirmed by the fact
that the number of the recorded spikes corresponded to
the number of the distinct hot-spots. In fact, in the x-ray
pinhole image shown in Fig. 9 there were visible 3
distinct hot-spots in the first observation field, and 2
hot-spots in the second field. The corresponding
numbers of x-ray spikes were recorded upon the time-
resolved signals shown in Fig.10.

From an analysis of the x-ray signals presented in
Fig. 10 it might also be deduced that the considered hot-
spots (and the corresponding x-ray spikes) appeared
with some delays in relation to the main x-ray pulse,
which was well correlated with the dl/dt peak (see
above). From the waveforms presented in Fig. 10 it was
estimated that these delays ranged from about 100 ns to
about 130 ns in the first region, and from about 130 ns
to about 150 ns in the second region.

From the analysis of the considered x-ray spikes it
might also be deduced that the living time of the
individual hot-spots was of the order of the width of the
recorded x-ray spikes, i.e., it ranged from several ns to
about 10 ns.

SUMMARY AND CONCLUSIONS

The most important results of the studies described
above can be summarised as follows: 1. High-current
pulse discharges in the PF-1000U facility were carried
out under static initial gas conditions in pure deuterium,
at the dynamic conditions realised by the additional
puffing of deuterium, and at the application of a small
admixture of a Ne-gas; 2. The routine diagnostics
confirmed the results of the earlier experiments
performed in this facility, but particular attention paid to
time-resolved measurements of soft x-rays emitted from
two chosen regions of the plasma pinch column; 3. In
the discharges carried out at the static gas filling the x-
ray pulses were well correlated with the dl/dt peak, and
it was estimated that T, values in the 1% and the 2"
region were about 180 and 100 eV, respectively; 4. In
the discharges performed with the additional deuterium
puffing some plasma micro-regions of an increased x-
ray emission were observed near the electrode ends, and
the T, values were estimated to range from 210 to
550 eV in the 1% pinch region, and to about 110 eV in
the 2" region; 5. During the PF-1000U discharges
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carried out with a small admixture of a Ne-gas, in the
pinch column there were observed distinct plasma-
filaments and hot-spots, those emitted intense x-ray
spikes, and the estimated T, values in the hot-spots
formed near the electrode end ranged from about
300 eV to above 800 eV; 6. It was deduced that the
distinct hot-spots were formed with a delay of
100...150 ns in relation to the first main x-ray pulse
(corresponding to the pinch compression) and they
could exist from several to about 10 ns.

It might be concluded that the time-integrated and
time-resolved x-ray measurements supply valuable
information about the emission characteristics and
changes of the T, values in the observed pinch regions.
In order to collect more data such measurements should
be continued under different gas conditions. Particular
attention should be focused on studies of hot-spots,
because they are local sources of intense x-ray spikes
(induced probably by some higher-energy electron
beams), but they are possibly connected also with
sources of fast ion beams which play important role in
nuclear fusion reactions.
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HNCCIEJOBAHUE PEHTTEHOBCKOI'O U3JIYYEHUSA CUJIIBHOTOYHBIX PA3PATOB
B YCTAHOBKAX THUIIA TI®

E. Skladnik-Sadowska, M.J. Sadowski, K. Malinowski, W. Surala, D. Zaloga, M. Paduch, E. Zielinska,
K. Tomaszewski

Onucanbl HM3MEPEHUs] MSTKOTO PEHTICHOBCKOTO M3JIYYeHUs Topsdeil IUIasMbl, T€HEPHPYEMOM B MOAEPHHU3UPOBAHHOM
ycraHoBke [1d-1000U. Pa3psin mporcxXoauT B BaKyyMHOU Kamepe Tipu Hamycke neiitepust D2 ¢ mo6askoii Ne u 6e3, HauasibHOE
nasienne cocrarmsuio 0,9 u 1,5 Topp, a padouee Hanpspkenue — 16...18 kB. C momoIpio kaMepsl 00CKypa, pactoioKeHHOMH
TIOJ] YIVIOM 75° OTHOCHTENBHO OCH Z, 3apeTrHCTPUPOBAHBI PEHTTEHOBCKHE CHUMKHU C BPEMEHHBIM paspenteHneM. HaOmonaercs
pasHULAa B CTPYKType MHHYA. [I3MepeHHs ¢ BPEMEHHBIM Da3peIlCHHEM NPOBOAWIMCH C IMOMOIIBIO YETHIPEX [HOJIOB,
PacIONOKEHHBIX 33 OTBepcTHeM ¢ (misrpoM. JIBe mapbl muomoB (¢ OepruumieBbM GribrpoM TomuHOH 7 u 10 MKM)
nepeaBatyu M300paxeHHe U3 30H paguycoM 30 MM, LEHTphl KOTOPBIX Haxomircs Ha paccrosHuu 30 u 60 MM OT cpesa
3NIEKTPO/IOB. AHAJIN3 CHUTHAJIOB PEHTICHOBCKOTO W3JIy4EHHS C BPEMEHHBIM DPa3pelICHHEM I103BOJMII OLIEHUTH 3JIEKTPOHHYIO
temmneparypy (Te). s pa3psaoB ¢ UMCTHIM JeiiTepueM BeJIMUIMHA IEKTPOHHON TeMIlepaTypsl Bapsupyercs oT 75 1o 250 5B B
3aBHCHUMOCTH OT YCJIOBHI paspsina. st pa3psinos ¢ 100aBkoi HeoHa TeMneparypa Obuia Beiue u gocturana 800 sB.

JOCIKEHHA PEHTTEHIBCBKOI'O BUITPOMIHIOBAHHSA CUJIBHOCTPYMOBUX PO3PA/1IB
Y NPUCTPOAX THUILY IID

E. Skladnik-Sadowska, M.J. Sadowski, K. Malinowski, W. Surala, D. Zaloga, M. Paduch, E. Zielinska,
K. Tomaszewski

Omucadi BHUMIPIOBaHHA M SIKOTO PEHTTEHIBCBKOTO BUIPOMIHIOBAHHS TIapsdoi IUIa3MH, IO TEHEpPYeThes B
MoepHizoBaHoMy niprcTpoi [1d-1000U. Po3psia BinOyBaeThes y BaKyyMHil Kamepi npu Hamycky aeiirepiro D, 3 momimkoro
Ne Ta 6e3 HpOTO, MOUaTKOBHUil THCK ckiaxaB 0,9 ta 1,5 Topp, a poboya Hampyra — 16...18 kB. PeHTreHiBcbki 3HIMKHA 3
YACOBMM DO3JIUICHHSIM 3aPeeCTPOBaHi 3a JIONOMOTOI0 KaMeph 00CKypa, ska 3HAXONWIAch i Kyrom 75° BiHOCHO oci Z.
CriocTepiraeTbes pi3HUILE B CTPYKTYpI MiHYa. BUMiprOBaHHS 3 4aCOBHM PO3JIUICHHSM MIPOBOIMIIMCH 32 JOMOMOTOK YOTHPBOX
IIOIIB, MO PO3TAIIOBaHi 32 OTBOpPOM i3 ¢inbTpom. [IBi mapu mioxiB (3 OepwrieBuM dimbrpom 7 Ta 10 MKM) mepenaBanm
300paxkeHHs i3 30H pagiycom 30 MM B I1a3Mi, IEHTPH Ai0iB po3TaiioBaHo Ha BijctaHi 30 Ta 60 MM Bij eneKTpoaiB. AHaui3
CHTHAJIIB PEHTTCHIBCHKOTO BHIIPOMIHIOBAHHS 3 YACOBHM DPO3IUICHHSM JO3BOJIMB OLIHUTH eJeKTpoHHY Temmeparypy (T).
JInist po3psiiiB ¢ YMCTUM JISHTEpieEM BEIMYMHA €JICKTPOHHOI TeMIepaTypy 3MIHIOEThCS Bif 75 1o 250 eB B 3anmexHOCTI Bif
YMOB po3psiay. st po3psiIiB 3 JOMIIIKOIO HEOHY Temieparypa csrae 800 eB.
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