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ABSTRACT

Ultrasoft X-ray plasma diagnostics in IPP is realized by
using X-ray diodes with Al photocathodes and submicrometer
nitrocellulose filters., Construction, calibration and character-
istic properties of apparatus are described. Main results of
diagnostics of REB-heated plasma are presented as an example

of uge of this apparatus.



INTRODUCTION

The spectral analysis of electromagnetic radiation is one
of the principal methods of plasma diagnostics. In a great many
of plasma experiments electron temperaiures of tens or hundreds
of eV and short plasma lifetimes are achieved. Therefore, mea-
surements in ultrasoft X-ray region (10 - 1000) eV with a high
temporal resolution (e.g. 10 ps for laser-heated target plasmas)
are necessary. The basic type of detector for such measurements
is a vacuum X-ray diode with metal photocathode (XRD) [l, Pﬂ.
Spectral aralysis of radiation is made by filters, which have to
te of submicrometer thicknesses for this spectral regzion. The
whole apparatus must be vacuum-connected to the raciation source.

This methodics is useful for determination of total radi&-
tion intensity in particular spectral intervals, or electron
temperature measurements from the shape of continuum spectra of
plasma radiation. Recently, also time resolving ultrasoft X-ray
spectrographs were ceveloped, which can be used for more complete
. measurements [3]. However, these apparatus are relatively compli-
cated and expensive and at present they are used only in large
laboratories, eapecially for plasma sources with high radiation
intensities. The method employing XRD's and filters is still
generally used because of the possibility to obtain relatively
much information by a low-cost apparatus simple in construction
and without material accessibility problems.

In the Institute of Plasma Physics in Prague, this apparatus
was developed with respect to special conditions of experiments
with &« plasma heated by high-power relativistic electron besm
(FEB). Calibration measurements were made, such us calibration

of amplifying scintillator-photomultiplier system (which is used
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in the case of low radiation intensity) by using a special X-ruy
tube or optical calibration of filters.

The diagnostics of a plasma neated by REP is the main use
of this apparatus in IPP (experiment REBEX). Results of such
measurements are also presented in this paper. Recently, measu-
rements at an gas puff Z-pinch were made, which can be mentioned

as an example oI further use of this apparatuse.

DETECTORS

The scheme of a simple XRLD used in our laboratory is shown
in fig. 1. The photocathode views the X-ray source through & wire
mesh anode. Incident photons cause emission of electrons (photo-
electric, Auger, secondary) from the photocathode, which are
accelerated across the cathode-anode gap. The necessary voltage
is determined from the requirement of the saturat=d current

regine:
4/3
(1) uv] =6.67x103(g) °3()

where d is the cathode-ancde distance and D the diode ciumeter,
In the case of REB-heated plasma diagnostics in the REBEX expe-
riment, the XRD is placed in transverse magnetic field. The
voltagenecessary for reaching the anode by emittec eiectrons

(ExB drift) is:
e
(2) U=EBd ’
where e/m is the specific charge of electron. For the saturatea

current regime in this case the double of the voltage given by

eq. (1) is sufficient. Sustaining of a proper working regime



during the measured radiation pulse is guaranteed by a syfficient
supply capacity. The detector withl parameters shown in fig. 1 is
constructed@ for currents up to 1 A at the pulse duration of 10 us
in conditions of REBEX experiment. Temporal response of the de-
tector is detefmined by its geometry and measuring electric
circuit. In our case the time constunt is less than 1 ns.

The spectral dependence oX al photocathode sensitivity, as
reprinted from ref. [1], is shown in fig. 2. In tnis reference,
the most useful calibrations for photocathodes of practical
interest are made. The sensitivity shows a threshold at 4.25 eV
(defectors are not sensitive to a visible light), a maximum
between 10 and 20 eV and a relatively rapid drop for higher
energies (low sensitivity to hard X-rays). For plasma diagnostic
measurements, secondary electron emission by particle impact
must be taken into account. Charged particles can be deflected
by magnetic field. The signal caused by neutral particles can be
separated from that cuaused by X-rays by utilizing a sufficient
detector-plasma distance and a time of flight of these particles.

In the case of iow radiation intensity another detector is
used (fig. 3), in which photoelectrons are accelerated up to
(10 ~ 20) keV and detected by a scintillator;pnotomultiplier
cystem [4]. In fig. 4 amplification of such system is shown,
depending on its parumeters (calibrations made by X-ray tube).
The threshold value of uccelerating voltage is determined by Al
light-tight shield of scintillator. Linearity of such system is
limited by photomultiplier working in current mode; in our de-
tectors (using photomultipliers TESLA) it is conserved for sige-
nats up to 5 mA at the pulse duration of 10 ps. The time reso-
lution of this type of cetector, determined by the scintillator

decay constant and risetime of the photomultiplier, is about
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10 ns. These systems have to be carefully shielded from magnetic
field and hard X-rays (for example caused by REB).

FILTERS

The submicrometer nitrocelulose layers for filter product‘ion
are made by spreading a drop of zapon-lack (solution of nitro-
celulose in organic solvents) on a water surface. In the spectral
range above 60 eV, the same absorption characteristics as in the
Kurchatow Institute of Atomic Energy in Moscow are used [2].
Calibration in the spectral range below 6Q eV was made by means
of synchrotrom radiaticn in the Institute of Nuclear Physics im
Novosibirsk. The resulting sensitivities of XW's using filters
of different thicknesses are shown in fig. 2 simultaneously with
the sensitivity of bare photod_ode. At present we plan to make
filters also from other materjials to obtain more advantageous
properties of detection system [1].

The filter thickness is measured by a laser interferometer
(AHGN o= 0-633 ym) with a double transit of light beaw through
the measured object. The essential refractive index was cdeter-
mined from the position change of interference minimum of re-
flected light at different incident angles (30°, 60%) of white
light. It is 1.46 > 3% for A~ AHeNe‘ In the first order of
interference, thicknesses up to 0.344 um can be measured, with
the maximum accuracy in the range of (0.i5 - 0.,20) pme From the
interference measurements alsc inhomogenities of filter thicknees
can be cetermined (usually 2 5%).

The relative filter thicknesses are also messured by meana
of absorption of infrared light at absorption peaks at the wave-

lengths about 6 t.un and 8 l.m. The resulting inaccuracy of filter



thickness cetermination is about 15%,

RESULTING PROPRRTIES OF APPARATUS

The specral 3sensitivities cf aluminum measured or calculated
by other Quthors and the accuracy of filter absorption charac-
teristics were studicc. By taking into account the possible in-
accuracy of sensitivities shown in fig. 2, the inaccuracy of
absolute intensity measurements in the spectral range (10 - 1000)
eV can be estimated to be of factor <.

For the electron temperature determination from the shage
of continuum spectra of plasma radiation, only relative measure-
rents are necessary. With respect to all facts mentioned above,
Te in the region of tens eV cuan be determined by filter-method
[5] with accuracy between 30% anc 40%, which is comparable with
that of other ciugnostic methods wused at [EBrX experiment.

The utilization of such apparatus for Te measurements below

10 eV angd above 100 eV is not suitable.

X-RAY TUEE

The "Henke-type" X-ray tute [6] was used as a radiation
cource tor calibration measurements (e.g. the calibration of
amplifying system mentioned ubove). The concrete geometrical
arrangement was designecd by using the electroplating vat. In
fig. 5 equipotential lines snd traces of electrons and eritted
photons are shovn. The right shape of electric field with the
effect of spuce charge taken into account was adjusted by little
changes of the anode and holder widths, The cathode is a directly
-heatecd W coil. The electron beuam is electrostatically focused

on the area of 20 mm (~ catnoce length) x 3 mm on toth sides of
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the anoée. The anode, heating voltage supply and cylindrical
shielding are water-cooled.

Main advantages of such arrangement of low voltage tube are
the following:

a) tungsten from cathode cannot be Geposited on the anode
and influence the spectrum of radiation, which is generated only
in a thin surface leyer of the anode;

b) the construction is simpler than that of linear electron
guns, especially in connection with possible modifications of
the arrangement for other measurements.

The tube was operated in the regime with beryllium anode
by the voltage of 1 kV and the anode current of 30 mA. By the
use of our XRD's and filters, the radiation intensity of the
ofder of 10'4 W/ster. with comparable parts of BeK(109 eV)
spectral line and bremsstrahlung spectra was found. For further
calibration meusurements (calibrations of semiconductor X-ray
detectors in low energy region, for example)Awe plan to generate
the BeK and CK lires by suppression of bremsstrahlung spectra at
utilizing the radiation in backward direction compared with
electron beam incidence on the anode [7]. The accurate intensity

measurements will be made by gas proportional counter.

REB-HEATED PLASMA DIAGNOSTICS

On the REBEX experiment the REd-plasma interaction is in-
veatigated in connection with the research of mugnetic confine-
ment linear thermonuclear reactors [8]. One of the main tasks of
this experiment is to solve the problem of energy balance, i.e.
the determinaticn of totul energy content (by measuring plusma

¢iamagnetism) and its cdistribution between various plusma



components (plasma bulk, overthermal electrons) and contingent
macroscopic motion of plasma column (ccafiguration oscillations).
For this reason the above mentioned meusurements of electron
temperature of plasma bulk by filter-method in the ultrasoft
X-ray region were mades

In this papef results of such measurements are presented in

the case of a dense plasma (1020- 10%%) o2

generated by two
cooperating plesma guns (fig. 6 - scheme of experiment and axial
profile of plasma density). At the plasma-vacuum bouncary fixed
by 4 terminating foil, the injected beam (350 kV, 30 kA, 120 ns)
is reflected back into the plasma (the reflection regime corres-
ponding to the higher heating efficiency [8]). As shown in fig. 6,
the X-ray measurements were made in two regions with different
plasma density levels, simultaneously with the diamagnetic ones.

The XRD signals shown in fig. 7 exceed by three to four
orders of magnitude those given by the hypothesis of pure hydro-
gen plasma radiation. Nitrogen, oxygen, carbon and aluminum are
thé probable impurities which can cause this observed increase
of racdiation intensity. In some regimes, macroscopie:particles
are presentec in the plasma, arising from an Al-coated mylar
anoce foill of the beam-injecting diode (the principal component
is carbon). Radiation of electrons interacting with these par-
ticles was taken into account as that of solid targets in a
plasma. It cannot influence the plasma bulk electron radiation,
but the excitation of CK line may be one of the radiation me-
chanisms caused by overthermul electrons.

In the dense plasma region (1021, 10%2) mfj, the light
impurities mentioned above are almost in the corona equilibrium

{9]. In this case, theoretical curves of decrease of XRD signal
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by filt;rs fer pure hydrogen plasma and plasma with several

per cent of such impurities are nearly the same for kTe= 12 eV.

In the peak of XRD signal (beam injection time - fig. Ta), the
results of mesasurements with filters of thicknesses d<0.1 pm
correspond to this temperature (fig. 8a). The small decrease aof
signal measured by thicker filters can be explained, at thjs
temperature, only by the radiation of overthermal electrons. The
rapid érop of XRD signal (fig. T7a) corresponds to the cdecrease

of intensity of impurity line emission by increasing electraon
temperature (after beam injection it can be caused by relaxation
of overthermal electrons and/or dissipation ot energy of plasma.
column oscillations [8]). The electron temperature of about 20 eV,
determined from DIA signal a* the corresponding moment, can pro-
duce this decrease of intensity only for carbon [10]. Therefore,
it has to be the dominant impurity (~ 2% of total plasma density),
in agreement with the presence of target particles mentioned
above.

In the low-density region of REZEX experiment (1020 m'j),
the characteristic ionization times of impurities are comparable
with the plasma lifetime [9]. During the measured X-ray pulse,
the ionization state of plasma corresponds to the energies of
spectral lines and recombination thresholds of tens of eV [101.
For our Te measurements they can be suppressed by using filters
with thicknesses d>0.3 — The resulting electron temperature
i8 near to 60 eV (the slope of measured curve - fig. 8b). At the
time of beam injection and closely after it, the influence of
overthermal electron radiation is cbserved by using filters of
such thicknesses (similarly as in the dense plasma region). The

correlation of XRD- and DIA- signals is very good in this case
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(fig. 7b). The HF component of both signals corresponds to the
configuration oscillations of plasma column. The first large

peak of DIA signal can be explained by overthermal electrons.
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