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Introduction
The relativistic electron beam experimental facility REBEX operated in IPP Prague for

already many years (cf. e.g. [1]) makes it possible to study the beam-plasma interaction in a
large variety of beam and plasma parameters. The facility (Fig. 1) consists of an electron beam
accelerator and of a vacuum interaction chamber with plasma sources and external magnetic-
field system. Numerous beam and plasma diagnostics, and a sophisticated data acquisition
system represent an integral part of the experiment.

Fig. 1
The REBEX experiment
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8-stage Marx gen.
640 kV
1.7 nF
coaxial Blumlein
type, water-insulated
metallic plane cathode
5-20 urn Al foil anode
400-500 kV
50-70 kA
100 ns
40-50 mm
0.4-1.0 T
coaxial gun
5.1014-5.1015cm"-1

70 mm
1-1.5 m
electromagnetic valve
hydrogen
150 mm

Table 1

The most original feature of the REBEX facility it offers is perhaps the possibility to
study the beam plasma interaction in two different beam regimes:

In the reflex regime, the electron beam is injected into a short plasma column and
reflected back into the plasma by a virtual cathode arising spontaneously at the vacuum end of
the plasma column.

In the single-pass regime, the electron beam impinges upon a grounded collector plate,
which prevents it from being reflected back into the plasma.

The beam reflection increases effectively the interaction length and results in increasing
the efficiency of the beam energy deposition in a plasma. Moreover, our experiments show
that in both the reflex and single-pass regimes the mechanisms of beam energy transfer differ.
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REB-plasma interaction

In the investigated range of the electron beam and plasma parameters (see Table 1) the
overall picture of REB-plasma interaction in REBEX corresponds well with the generally
accepted two-stream instability concept [2,3]. A substantial increase of the plasma energy
content during the beam injection (up to 2• 10'9 eV/cm) is witnessed e.g. by the observed
diamagnetic signals [4J. the example of which is
shown in Fig.2. The heating of the plasma electron
component was studied by soft X-ray diagnostics [5].
The oscillations seen on both the diamagnetic and the
X-ray signals (cf. Fig.2 and 3) are caused by
rnagnetoacoustic configurational oscillations of a
dense magnetized plasma in a relatively weak REBEX
magnetic field. These oscillations were successfully
simulated by using an original model of the REB-
heated plasma dynamics [6,7].

As the interaction results in a strongly non-
equilibrium electron distribution and the tail electron
escape freely along magnetic fields lines, the resulting

electron temperature

Fig. 2
Typical REBEX diamagnetic signal

Fig. 3
Example of the REBEX soft X-ray signal

of plasma bulk remains
relatively low (max 50-60 eV). The soft X-ray
measurements did not show any substantial increase
of the electron temperature even in the reflected beam
regimes, even though the plasma energy content was
found there to be by a factor of 3 higher than in the
single-pass beam regimes.

Recently, also a fast (with a characteristic time
~ beam injection time, e.g. much less than that of the
collisional energy transfer from electrons) ion heating
in REBEX has been proved by using a 'double' time-
-of-flight analysis of charge-exchange neutrals [8].
and Fig. 4 There are basically two competing
turbulent mechanisms which might be responsible for

the observed ion heating. The first one is the strong high-frequency Langmuir turbulence, the
threshold of which is highly exceeded in REBEX conditions. Ions might be directly heated in
collapsing Langmuir cavitons and due to non-linear decay processes of Langmuir waves. The
second, somewhat less probable mechanism, is the ion acoustic turbulence induced directly by
the beam current. The latter process may occur at beam currents exceeding the Alfven limit,
which is the case in most REBEX shots. Another proof of the heating of the ion plasma
component was given by the spectroscopic measurements described below.

Langmuir turbulence at REBEX

In the REBEX conditions, the high-frequency Langmuir fields can easily reach the
extremely high amplitudes corresponding to a strongly turbulent state. Theoretical and
experimental parameters characterizing the turbulent processes in REBEX (turbulence level ?],
wave or plasma energy density W, wave field strength E, and electron temperature of the
plasma bulk Tc) are summarized in Table 2. The value of W in the Rows 1,2,4,5, 7 is the wave
energy density, in the Rows 3 and 6 it is the energy deposited in a plasma per unit beam
volume, and in the Row 8 the density of the kinetic energy of the beam.

- 3 4 4 -



Table 2

1.

2

3.

4.

5.

6.

7.

8.

parameter

Turbulence threshold for B=0

Turbulence threshold for B=0.6 T

Ohmic heating only

Calculated from the temperature excess

Calculated from Stark broadening (0.2 nm)

Calculated from the bulk temperature

Calculated from quasi-hydrodynamic model

Available in the beam

1

0.000097

0.0014

-

0.057

0.0.36

-

(0.194)

-

W
|J/m3l

0.47

6.7

60.2

273

175

247

933

24300

E
|kV/cm}

3.2

12.3

-

78.5

62.8

-

145

-

|eVl

-

1.73

7.3

22.7

30

78,e«20°

-

The turbulence level in the Row 4 is calculated from the observed growth of the plasma bulk
temperature [9]; in the Row 5 it is calculated from the observed broadening of the hydrogen
Ha line, interpreted according to [10] as the Stark broadening. It should be stressed that our
interpretation is different: we assign most of this broadening to the thermal Doppler effect
caused by hot ions.
The plasma bulk temperatures in Rows 2 and 8 are calculated from the collisional energy
transfer of waves at a given turbulence level, in Row 3 from the collisional dissipation of the
return current; the values of Te in Row 4 an 6 are derived from the experiment.

Clearly, the Langmuir turbulence threshold is highly overcome in the REBEX
experiment, nevertheless the turbulence level can hardly reach the maximum value calculated
according to [11] (Row 8). In any case, most of the wave energy must be transferred to the tail
plasma electrons (up to 700 J/m3). The turbulence level calculated from the temperature
growth (Row 4) does not say much, as the turbulence can change substantially the effective
collisional frequency. For the same reason the contribution of the return current may be
underestimated. The situation is even more complicated in the typical for the REBEX
experiment reflected beam regimes, in which the drifting reflected beam electrons may
substantially increase the level of the ion acoustic turbulence.

The amplitude of the turbulent Langmuir fields is extremely difficult in the REBEX
conditions. First, due to an unpleasant frequency range (submillimeters) and, second, due to

the extreme space and time localization of the
Langmuir packets. In such a situation the only
way out seemed to be to estimate the Langmuir
field strength from the measured Stark
component of the plasma emission lines.

Spectroscopic measurements at REBEX
Three different spectroscopic apparatuses

have been used for detailed measurements of
profiles of Balmer series emission lines [12]:

The first one was a six-channel poly-
chromator with a photomultiplier detection
system, the scheme of which is shown in Fig. 4.
Its spectral and time resolution amounted to
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Fig.4
The 6-channel polychromator system
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Fig. 5
The dye laser absorption spectrometer

0.08 nm/channel and 20 ns, respectively [13].
The second one was of the intracavity laser

absorption spectrometer type, with a 256-pixel
CCD camera detection system that made it
possible to increase the spectral resolution up to
0.004 nm/pixel. The time resolution of this
spectrometer - 40 ns - was given by the pulse
duration of the dye laser used [8].

Recently, a new spectroscopic system consi-
sting of the 2-m spectrometer PGS2 Carl Zeiss
Jena and of a 512-pixel detecting head (Jobin
Yvon) with a computer control system (SPEC-
TRALINK Jobin Yvon) has been introduced.

The time resolution of the first spectro-
scopic system was quite sufficient for time-

resolved measurements of the intensity and width of the Hu and Hp emission lines, while its
sensitivity and spectral resolution proved to be too low for performing any detailed studies of
the line shape, and of the line wings in particular.

Contrary, the intracavity laser absorption spectrometer with a CCD camera has an
excellent spectral resolution, nevertheless the time dependencies of the line shape can be
constructed on the shot-to-shot basis only. Moreover, the spectral resolution of the
spectrometer was substantially deteriorated by a persistent stochastic modulation of the dye
laser spectra. Thus, the behaviour of the line shapes might be studied just on a statistical basis,
providing that a sufficient number of identical shots is collected.

Thus, the line profile measurements performed up to now were too rough for the Stark
component of the lines to be distinguished and gave just an upper estimate for the amplitude
of h.f. Langmuir fields: E <.3O kV/cm. As for the line widths, both methods gave almost
identical results: the hydrogen emission lines broaden fast during the beam injection up to
0.4 nm [cf. 8,13], Most of this broadening seems to be due to the thermal Doppler effect.

The new spectroscopic system with a gated computer-controlled Jobin-Yvon detection
head combines the advantages of the two systems used before. Preliminary test measurements
suggest that both the sensitivity and the spectral and time resolutions of the system might be
sufficient for studies of profiles of the most intense emission lines at the REBEX experiment,
nevertheless the final results are expected to be obtained only in the second half of the year.
This work has was supported in part by the Grant Agency of the Czech Academy of Sciences
under contracts No 14358 and A1043504

References:

[1] V. Babickyetal.: Proc. BEAMS90, July 2-5 1990 Novosibirsk, Vol. 1, p. 225
[2] ThodeL.E., Sudan R.N: Phys.Fluids 18(1975) 1564
[3] Cheung P.Y., Wong AY. : Phys.Fluids 28 (5) 1985
[4] V. Piffl et al.: Proc BEAMS'92, May 25-29 Washington, Vol. II, p. 1221
[5] J. RauS, V. Babicky: Czech. Jour. Phys., 42 (1992), No. 4, p. 395
[6] J. Ullschmied, M. Clupek: Proc. 16th Symp. on Plasma Phys. and Tech., Prague 1993, p. 27 (inv. paper)
[7] J. Ullschmied: Proc. 17th Symp. on Plasma Phys. and Tech., Prague 1995, p. 147
[8] J. Ullschmied et. al.: Proc BEAMS'94, June 20-24 San Diego, Vol. II, p. 735
[9] I.V. Kandaurov et al.: Proc. BEAMS'90, July 2-5 1990 Novosibirsk, Vol. I, p. 233

[10] V.S.Burmasov et al.: Proc BEAMS'94, June 20-24 San Diego, Vol. II, p. 590
[II] ThodeL.E.: Phys.Fluids 19(1976)305
[12] K. KolaCek et. al.: Proc BEAMS'92, May 25-29 Washington, Vol. II, p. 1337
[13] K. KolaCek et. al, Proc. BEAMS'90, July 2-5 1990 Novosibirsk, Vol. II, p. 835

-346-


