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The paper presents measuring techniques and results of experiments performed within the PF-1000 Plasma-
Focus facility in order to investigate the interaction of high-energy deuteron beams (of Ep >100 keV) and
deuterium plasma streams (of vy > 107 cm/s) with carbon-based materials, designed for the first wall of a future

thermonuclear reactor of the ICF or MCF type. Particular attention was paid to the verification of diagnostic
techniques, which might be used for time- and space-resolved studies of the interaction of ion- and plasma-

streams with the targets placed near the cathode outlet inside the experimental device.

PACS: 52.40 Hf; 52.59 Hq; 52.70 Kz; 52.70 La
1. INTRODUCTION

In order to test different materials, which might
be used for the construction of a future thermonuclear
reactor, it is necessary to study behavior of these
materials during the interaction of high-energy
deuteron beams and energetic plasma streams. The
main aim of the recent studies at the IPPLM in
Warsaw, Poland, was to verify applicability of
different measuring techniques and to investigate
some selected targets, e.g. those of the (Cu + C) type.

2. EXPERIMENTAL SET-UP

In the experiments to be described the use was
made of the PF-1000 facility [1-2]. Energy stored in
the condenser bank was varied from 600 kJ to 800 kJ.
The peak discharge current amounted to 2.3 MA. The
working gas was pure deuterium under the initial
pressure changed from 400 to 600 Pa.

Fig. 1. Internal view of the PF-1000 experimental
chamber, which shows a semicircle support with a
rotating shield

The investigated targets were placed upon a
semicircle support, which was placed inside the main
experimental chamber and had an electrical contact
with walls, as shown in Fig. 1. A distance between the
anode and investigated targets was equal to 15 cm.
The plasma-ion flux density upon the target reached
10" W/cm? and the interaction period was 0.1-1.0 Us.

3. STUDY OF DIAGNOSTIC METHODS

The first measuring technique was based on the
recording of the plasma visible radiation (VR)
observed through a slit perpendicular to the discharge
axis, which was placed at a distance of 3 cm from the
anode outlet. That method enabled the “quality” of
successive discharges to be determined as regards the
plasma stream velocity, its compression and
symmetry. It made possible to discern “good shots”
(i.e. fast, symmetrical and high-compression
discharges) from “weak shots” (i.e. slow,
unsymmetrical and low-compression ones), as it is
shown in Fig. 2.

92 I Problems of Atomic Science and Technology. 2005. Ne 1. Series: Plasma Physics (10). P. 92-94


mailto:gribkovv@yahoo.com

Fig. 2. Streak-camera pictures of the collapsing

plasma sheath: A - a “weak shot”, B - a “good shot”

The spatial- and temporal-analysis of such smear
pictures made it possible to determine the radial
implosion velocity of the plasma-current sheath
(PCS). It appeared that during the final stage of the
plasma collapse near the axis the PCS velocity was
ca. 10" cm/s for “weak shots” and 3-5410" cm/s for
good ones.

The second measuring technique applied a four-
frame high-speed camera, which was used for the
observation of the VR from the PF-pinch column as
well as that from plasma produced between the pinch
and the investigated target. [t made possible:

1) to determine geometry and velocity of the plasma
collapse process, as well as velocity of plasma
streams (jets) emitted along the discharge axis
and shock waves formed in front of the pinch,

2) in some cases to observe the structure of fast ion
beams emitted from the PF-facility and to
estimate their speed,

3) to evaluate a velocity of the expansion of a
secondary plasma produced by fast ions and
plasma jets at the surface of the irradiated target.
An example of a sequence of four pictures, which

was taken for a single shot during the plasma collapse

phase, is shown in Fig. 3.
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Fig. 3. The sequence of four VR frames taken during a
single shot, which demonstrate the formation of the
pinch column. The arrow shows the anode end-plane

Taking into consideration the spatial- and
temporal- calibration of the picture it was found that
for the considered shot the collapse speed was of the
order of 54107 cm/s, what coincided with the previous
measurements performed with the streak-camera.
Other frame pictures, which show the characteristic
cases mentioned above, are presented in Fig. 4.

-
A
g g g g

Pinch

Dinal  Chnnls veracrn Tan heams

Pinch

Qarandary nlacma

Fig. 4. Selected VR frames showing different phases

Fig.4A presents the formation of the shock wave
by the emitted cumulative plasma jet, Fig.4B shows
the emission of fast ion streams from the pinch
column, and Fig.4C visualizes the formation of the
secondary plasma in front of the irradiated target.

Taking into account time intervals between the
recorded frames (usually 10 ns), it was possible to
determine the shock wave velocity (and consequently
the cumulative jet speed of the order of 6-10410’
cm/s), to visualize structure and to estimate velocity
of the fast ion streams (above 3U10® cm/s), and to
measure the speed of secondary plasma emitted from
the irradiated target (about 107 cm/s). The both
techniques were used to estimate the duration of the
interaction of each stream (plasma and fast ion beam)
on the target surface, their power flux density and a
sequence of their interaction with the samples.

The third measuring technique, which was used in
the reported studies, applied a four-frame camera
recording soft X-rays (SXR). It appeared to be useful
especially for determination of the spatial- and
temporal-localization of the hottest parts of studied
plasma. Some examples are shown in Fig. 5.

1 anode surface 1 target surface

Fig. 5. The first set (A) presents SXR frames showing
the evolution of the hottest parts of the pinch, and the
second set (B) - the formation of secondary plasma at
the irradiated target

It should be noted that all the above described
techniques have temporal resolution of the order of 1
ns. Their spatial resolution, as determined by lenses
and geometry in cases of VR observations and by an
input diameter of the pinhole camera in the case of
SXR measurements, was about 100 micrometers.

The fourth measuring technique was based on the
use of solid-state nuclear track detectors [3]. That
technique delivered information about fast ion (proton
and/or deuteron) beams emitted from the PF-1000
facility. Since the nuclear track detectors were placed
upon the semicircular support, and the rotating shield
was removed during the investigated shots (Fig. 1),
the obtained ion track images (after their etching)
delivered information about the angular distribution of
the fast ions from chosen shots and their energy
spectrum. The ob esults have supported optical
pictures recorded ns of the 4-frame VR camera
(Fig. 4b). It has been found that the emitted fast
deuteron stream has a conical-like structure with the
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divergence angle (measured to the pinch axis) equal to
about 20°. The measured ion-energy distribution,

together with information about the beam configuration and
pulse duration (taken also from four-frame pictures), made it
possible to estimate the ion power flux density.

The fifth diagnostic technique was based on the
application of the optical spectroscopy. It enabled a density
and temperature of plasma produced from the irradiated
targets to be estimated. The recording equipment consisted of
a collimator and quartz light-pipe coupled to the MECHELLE
7900 spectrometer, which enabled the optical spectra to be
recorded with the exposition time variable from 100 ns to 200
ms. The applied system had the spatial resolution equal to
about 10 mm. An example of the recorded spectrum is shown
in Fig.6.
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Fig. 6. Optical spectrum with the identified lines of C-
ions, as obtained from the PF-1000 experiment

For estimates of the plasma density in the near target
region the use was made of the known Inglis-Teller
formula, which determines a shift of boundary serial and
gives the minimum N, values [4]:

lg No=23.26 — 7.5 X 1g Hiax

where 7, is the general quantum number for the last
Balmer line, which is observed as an isolated one (e.g. if
Dg-n=4,if Dq- n =3, etc.).

Qualitative information about the temporal behavior
of the plasma density might be obtained from the

continuum intensity, taking into account that is
proportional to N°. An example is presented in Fig. 7.
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Fig. 7. Temporal evolution of the continuum and
electron concentration in PF-1000 experiment

Temporal changes in the continuum intensity (in
arbitrary units), as presented in Fig.6, were measured
(taking into account the exposition time) at the region A ~
700 nm. It should be noted that the region A ~ 400 nm
showed a similar temporal dependence.

The electron temperature (7.) values were also
estimated and analyzed. The 7. estimates were performed
using the ratio of intensities of the CIV spectral lines
(doublet 580.1 nm, 581.1 nm) and CIII line (multiplet 465.1
nm), assuming the LTE conditions (due to high /N, values).
Using all these data and the Saha formula, it was possible to
reconstruct “the ionization distribution” for carbon ions.
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3KCHEPUMEHTAJIbHBIE HCCJEJIOBAHUS B3AUMOJIEACTBHS HOHHBIX U IIJIASMEHHBIX INOTOKOB C
YIVIEPOJHBIMU MUIIHEHSIMHU, PACIIOJIO’KEHHBIMHU BBJIN3U KATOJA YCTAHOBKHU IIVIASMEHHbBIU
DOKYC

B.A. I'puokos, A.B. /Iyéposckuii, P. Muxnawesckuii, M. Ilaoyw, K. Tomawesckuii, M. Illonvy, B.H. ITumenos,
FO.E. Yzacmi, M. Caodoeckuii, 3. Cxnaonuk-Caoosckasn, A. Kuonoeckuii, K. Manunoeckuit, A.B. Ilapenko

B pabote onucansl H3MEpUTENbHAS TEXHUKA U PE3YJIbTATHl SKCIIEPIMEHTOB, IPOBEJCHHBIX Ha IU1a3MeHHOM (okyce PF-
1000, HampaBIeHHBIX HAa W3y4Y€HHE B3aMMOJCHCTBUS BBICOKOIHEPIETHUUHBIX NMYy4YKOB AeHTpoHOB (£, >100 x3B) mn
MOTOKOB BOJOPOAHON mmasmbl (Vi > 107 cM/c) ¢ MaTepuanamMu Ha OCHOBE YIIEpOAd, pa3spabOTaHHBIMHU ISt
WCIIONIb30BAaHMSI B KAa4eCTBE NEPBOW CTEHKM OYAYINETO TEPMOSIEPHOTO PEaKTopa, Ha OCHOBE HMHEPIMAIBHOTO WIIN
MarHuTHOro yaepxanusa. Oco0oe BHMMaHHE OBUIO YAEIEHO IIPOBEpKE pabOTOCIOCOOHOCTH JHArHOCTUYECKOTO
000py/IOBaHUsI, HCIOJB3YEeMOTO ISl HCCIEIOBAaHWA C BPEMEHHBIM M HPOCTPAHCTBEHHBIM  pa3pelleHHEM
B3aUMOJAEHCTBUSI HOHHBIX M IUIa3MEHHBIX IIOTOKOB C MHUIICHSAMH, PAaclOJOXEHHBIMM BOJIM3M TOpIa KaTona
SKCIEPUMEHTATBHOM yCTaHOBKH.

EKCIEPUMEHTAJBHI JOCJII)KEHHS B3AEMO/IIi IOHHUX I IVIA3MOBHUX ITOTOKIB 3 BYIVIEHEBUMH
MIINEHAMMA, PO3TAIIOBAHUMMH ITOBJIN3Y KATOJA YCTAHOBKH IIVIABMOBHUH ®OKYC

B.A. I'pubkos, A.B. /Iyoposcovkuii, P. Murxnawescokuii, M. Iladyw, K. Tomawescokuii, M. Illonvy, B.H. ITumenos,
10.€. Yeacme, M. Caooecvkuii, E. Cknaonix-Cadoecvka, A. JKuonoecoxuii, K. Maninoecoxuii, O.B. Lapenxo
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Y po6orti onucaHi BUMIpIOBAIbHA TEXHIKa 1 PE3yJIbTATH CKCIICPHMEHTIB, TPOBE/ICHUX HA IIa3MOBOMY oxyci PF-1000,
CIPSMOBAHMX HA BMBYCHHS B32€MOJii BBICOKOCHEPrETHYHMX Iy4KiB ACHTpOHIB (Ep >100 k3B) i moTokis BOAHEBO
mnasmu (v > 107 cM/c) 3 MaTepiasiamMu Ha OCHOBI 'BYLJICLIEO, PO3POOICHNMHY JUIsl BAKOPUCTAHHS B POJIi [EPIIOT CTIHKH
Mai0yTHHOTO TEPMOSIICPHOTO PEaKTOpa Ha OCHOBI iHEpIiadbHOrO abo MarHiTHOTrO yrpumanHs. OcoOnuBa yBara Oyna
MpUALICHA MNepeBipll Npane3JaTHOCTI TIarHOCTHYHOTO YCTAaTKyBaHHS, BUKOPHCTOBYBAaHOTO MJISl JOCITIJDKEHHS 3
TUMYaCcOBHM 1 IIPOCTOPOBUM JIO3BOJIOM B3a€EMOJIii I0HHHX 1 IUIA3MOBUX MOTOKIB 3 MIIICHSIMH, PO3TAIlIOBAHUMH 1TOOJIN3Y
TOPILS KaTo/1a €KCIIEPUMEHTAIBHOI YCTaHOBKH.
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