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ABSTRACT 

Ultrasoft X-ray plasma diagnostics in IPP is realized by 

using X-ray diodes with Al photocathodee and submicrometer 

nitrocellulose filters. Construction, calibration and character­

istic properties of apparatus are described» Main results of 

diagnostics of BEB-heated plasma are presented as an example 

of use of this apparatus. 
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INTRODUCTION 

The epec t ra l analysis of electromagnetic r a d i a t i o n is one 

of the p r inc ipa l methods of plasma d i agnos t i c s . In a g rea t many 

of plasma experiments e lec t ron temperatures of tens or hundreds 

of eV and shor t plasma l i fe t imes are achieved. Therefore, mea­

surements in u l t r a so f t X-ray region (10 - 1000) eV with a high 

temporal reso lu t ion ( e . g . 10 ps for l a s e r -hea t ed target plasmae) 

are necessary. The basic type of de tec tor for such measurements 

i3 a vacuum X-ray diode with metal photocathode (XRD) [ l , iVJ . 

Spec t ra l analysis of rad ia t ion is made by f i l t e r s , which have to 

be of submicrometer thicknesses for t h i s s p e c t r a l region. The 

whole apparatus must be vacuum-connected to the rad ia t ion source . 

This methodics is useful for determination of t o t a l r ad i a ­

t i o n in t ens i ty in pa r t i cu la r spec t r a l i n t e r v a l s , or e l ec t ron 

temperature measurements from the shape of continuum spec t ra of 

plasma r a d i a t i o n . Recently, also time resolv ing u l t r a so f t X-ray 

spectrographs were developed, which can be used for more complete 

measurements [ 3 j • However, these apparatus are r e l a t i ve ly compli­

cated and expensive and at present they are used only in. large 

l a b o r a t o r i e s , especial ly for plasma sources with high rad ia t ion 

i n t e n s i t i e s . The method employing XRD%s and f i l t e r s is s t i l l 

general ly used because of the p o s s i b i l i t y to obtain r e l a t i v e l y 

much information by a low-cost apparatus simple in construct ion 

and without material a cces s ib i l i t y problems. 

In the I n s t i t u t e of Plasma Physics in Prague, th i s apparatus 

was developed with respect to spec ia l condi t ions of experiments 

with t, plasma heated by high-power r e l a t i v i s t i c e lect ron beam 

(HEB). Cal ibra t ion measurements were made, such as ca l i b r a t i on 

of amplifying o c i n t i l l a t o r - p h o t o a u l t i p l i e r system (which i s used 
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in the case of low radia t ion in tens i ty ) by using a special X-ray 

tube or opt ical ca l ibra t ion of f i l t e r s . 

i'he diagnostics of a plasma heated by REE is the main use 

of t h i s apparatus in IPP (experiment REflEX). Results of 3uch 

measurements are also presented in th i s paper. Recently, measu­

rements a t an gas puff Z-pinch were made, which can be mentioned 

as an example of further use of th i s apparatus. 

DETECTORS 

The scheme of a simple XRD used in our laboratory is shown 

in f i g . 1. The photocathode views the X-ray source through a wire 

mesh anode. Incident photons cause emission of electrons (photo­

e l e c t r i c , Auger, secondary) from the photocathode, which are 

accelerated across the cathode-anode gap. The necessary voltage 

i s determined from the requirement of the saturated current 

regime: 

(1) U[V] =6.67xl03(§)4/V:iM , 

where d i s the cathode-anode distance and D the diode ciameter. 

In the case of REB-heated plasma diagnostics in the REBtiX expe­

riment, the XRD is placed in transverse magnetic f ie ld . The 

voltagenecessary for reaching the anode by emittec electrons 

(ExB d r i f t ) i s : 

(2) U = | B 2 d 2 , 
m ' 

where e/m is the specific charge of electron. For the saturated 

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

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



- 4 -

during the measured radiat ion pulse i s guaranteed by a su f f i c ien t 

supply capacity. The detector with parameters shown in f ig- 1 is 

constructed for currents up to 1 A a t the pulse duration of 10 LIS 

in conditions of fiEBEX experiment. Temporal response of the de­

tec tor is determined by i t s geometry and measuring e l e c t r i c 

c i r c u i t . In our сазе the time constant is l e ss than 1 n s . 

The spectral dependence of Al photocathode s e n s i t i v i t y , as 

repr inted from ref. [ l ] , is shown in f ig . 2 . In th is reference, 

the most useful cal ibrat ions for photocathodes of prac t ica l 

in te res t are made. The s e n s i t i v i t y shows a threshold a t 4.25 eV 

(detectors are not sensi t ive to a v i s ib le l i g h t ) , a maximum 

between 10 and 20 eV and a r e l a t i ve ly rapid drop for higher 

energies (low sens i t iv i ty to hard X-rays). For plasma diagnostic 

measurements, secondary electron emission by pa r t i c l e impact 

must be taken into account. Charged pa r t i c l e s can be deflected 

by magnetic f ie ld . The signal caused b.y neutral particles» can be 

separated from that caused by X-rays by u t i l i z i n g a suf f ic ien t 

detector-plasma distance and a time of f l igh t of these p a r t i c l e s . 

In the case of iow radia t ion in tens i ty another detector i s 

used ( f ig . 3 ) , in which photoelectrons are accelerated up to 

(10 - 20) keV and detected by a sc in t i l l a to r -pnotomul t ip l i e r 

system [4 ] . In f ig . 4 amplification of such system is shown, 

depending on i t s parameters (ca l ibra t ions made by X-ray tube) . 

The threshold value of accelerat ing voltage i s determined by Al 

l i g h t - t i g h t shield of s c i n t i l l a t o r . Lineari ty of such system i s 

limited by photomultiplier working in current mode; in, our de­

tectors (u3ing photomultiplitjrs TLSIA) i t is conserved for s i g ­

nals up to 5 mA at the pulse duration of 10 u s . The time reso­

lut ion of this type of detector , determined by the s c i n t i l l a t o r 

decay constant and risetime of the photomultiplier, is about 
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10 ns. These systems have to be carefully shielded from magnetic 

f i e ld and hard X-rays (for example caused by RED), 

FILTERS 

The submicrometer nitrocelulose layers for f i l t e r production 

are made by spreading a drop of zapon-lack (solution of n i tro­

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 synchrotron radiation in the Institute of Nuclear Physics in 

Novosibirsk. The resulting s ens i t i v i t i e s of ХЛ0%з using f i l t e r s 

of different thicknesses are shown in f i g . 2 simultaneously with 

the sens i t iv i ty of bare photod-ode. At present we plan to make 

f i l t e r s also from other materials to obtain more advantageous 

properties of detection system [ l ] . 

The f i l t e r thickness i s measured by a laser interferometer 

( Xnejje= 0.633 jam) with a double transit of l ight bean, through 

the measured object. The essential refractive index woe deter­

mined from the position change of interference minimum of re­

flected l ight at different incident angles (30°, 60°) of white 

l i g h t . It i s 1.46 Í 3% for X ~ Ajkflg. In the f irs t order of 

interference, thicknesses up to 0.344 urn can be measured, with 

the maximum accuracy in the range of (0.15 - 0.20) tun. From the 

interference measurements also inhomogenities of f i l t er thickness 

can be determined (usually - 5%). 

The relat ive f i l t e r thicknesses are also measured by means 

of absorption of infrared l ight at absorption peaks at the wave­

lengths about 6 um and 8 110. The resulting inaccuracy of f i l t e r 
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t h i cknes s de t e rmina t ion i s about 15%. 

RESULTING PROPERTIES Oi APPARATUS 

The s p e c r a l s e n s i t i v i t i e s of aluminum measured or c a l c u l a t e d 

by o the r au thors and the accuracy of f i l t e r a b s o r p t i o n c h a r a c ­

t e r i s t i c s were s t u d i e d . By tak ing i n t o account the p o s s i b l e i n ­

accuracy of s e n s i t i v i t i e s shown in f i g . 2 , the inaccuracy of 

abso lu te i n t e n s i t y measurements i n the s p e c t r a l range (10 - 1000) 

eV can be es t imated to be of f a c t o r 2 . 

ř o r the e l e c t r o n tempera ture de te rmina t ion from the shape 

of continuum s p e c t r a of plasma r a d i a t i o n , only r e l a t i v e measure­

ments are necessa ry . With r e s p e c t to a l l f a c t s mentioned above, 

T in the reg ion of t ens eV can be determined by f i l t e r - m e t h o d 

[ 5 ] with accuracy between 30% and 40%, which i s comparable wi th 

t h a t of other d i a g n o s t i c methods used a t REBEX experiment . 

The u t i l i z a t i o n of such appa ra tu s fo r T measurements below 

10 eV and above 100 eV i s not s u i t a b l e . 

X-FAX TUBE 

The "Henke-type" X-ray tube [б] was used as a r a d i a t i o n 

source to r c a l i b r a t i o n measurements ( e . g . the c a l i b r a t i o n , of 

amplifying system mentioned above) . The concre te geomet r ica l 

arrangement was designed by us ing the e l e c t r o p l a t i n g v a t . In 

f i g . 5 e q u i p o t e n t i a l l i n e s and t r a c e s of e l e c t r o n s and emi t ted 

photons are shown. The r i g h t shape of e l e c t r i c f i e l d with, the 

e f f e c t of space charge taken i n to account waa ad jus ted by l i t t l e 

changes of the anode and ho lde r w i d t h s . The cathode i s a- d i r e c t l y 

-hea ted W c o i l . The e l e c t r o n beam i s e l e c t r o s t a t i c a l l y focused 

on the a rea of 20 mm (*-» catnode l e n g t h ) x 3 mm on both s i d e s of 
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the anode. 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 deposited on the anode 
and influence the spectrum of radiation, which is generated only 
in a thin surface lcyer 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 XRD4s and filters, the radiation intensity of the 
order of 10"* W/ster. with comparable parts of BeK(109 eV) 
spectral line and bremsstrahlung spectra was found. For further 
calibration measurements (calibrations of semiconductor X-ray 
detectors in low energy region, for example) we plan, to generate 
the BeK and C» lines 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 ЯЕВБХ experiment the HEB-plasma interaction ia in­

vestigated in connection with the research of magnetic 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 determination of total energy content (by measuring plasma 
diamagnetism) and its distribution between various plasma 
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components (plasma bulk,, overthermal electrons) and contingent 
macroscopic motion of plasma column (configuration oscillations). 
For this reason the above mentioned measurements of electron 
temperature of plasma bulk by filter-method in the ultrasoft 
X-ray region were made.-

In this paper results of such measurements are presented in 
20 22 -3 the case of a dense plasma (10 - 10 ) m generated by two 

cooperating plasma guns (fig. 6 - scheme of experiment and axial 
profile of plasma density). At the plasma-vacuum bouncary fixed 
by a 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 
the probable impurities which can cause this observed increase 
of radiation intensity. In some regimes, macroscopic particles 
are presented in the plasma, arising from an Al-coated mylar 
anode foil 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 С~ line may be one of the radiation me­
chanisms caused by overthermal electrons. 

In the dense plasma region v 1021- 1022) a*3, 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 f i l t e r s fcr pure hydrogen plasma and plasma with several 

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

In the peak of XJRD signal (beam inject ion time - f i g . 7 a ) , the 

r e s u l t s of measurements with f i l t e r s of thicknesses d < 0 . 1 urn. 

correspond to th i s temperature ( f ig . 8a ) . The small decrease of 

s ignal measured by thicker f i l t e r s can be explained, at th^s 

temperature, only by the rad ia t ion of overthermal e lec t rons . The 

rapid drop of XRD signal (fig* 7a) corresponds to the decrease 

of intensi ty of impurity l ine emission by increasing electron, 

temperature (a f te r beam inject ion i t can be caused by re laxa t ion 

of overthermal electrons and/or d iss ipa t ion of energy of plasma 

column osc i l l a t i ons [8 ] ) . The electron temperature of about 20 eV, 

determined from DIA signal a t the corresponding moment, can pro­

duce th is decrease of intensi ty only for carbon [10] . Therefore, 

i t has to be the dominant impurity 0*>2% of t o t a l plasma dens i ty ) , 

in agreement with the presence of ta rge t pa r t i c l e s mentioned 

above. 
, 20 _з 

In the low-density region of REBEX experiment (10 m ) , 

the c h a r a c t e r i s t i c ionization times of impurities are comparable 

with the plasna l i fet ime [?] • Curing the measured X-ray pulse , 

the ionization s t a t e of plasma corresponds to the energies of 

spectra l l ines and recombination thresholds of tens of eV [lO}. 

For our T measurements they can be suppressed by using f i l t e r s 

with thicknesses d>>0.3 um. The resul t ing electron temperature 

is near to 60 eV (the slope of measured curve - f i g . 8b ) . At the 

time of beam in jec t ion and closely a f te r i t , the influence of 

overthermal e lect ron radiat ion i s observed by using f i l t e r s of 

such thicknesses (similarly as in the dense plasma region) . The 

correla t ion of XRD- and DIA- signals is very good in t h i s case 
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( f ig . 7b) . The HF component of both s ignals corresponds to the 

configuration osc i l l a t ions of plasma column. The f i r s t la rge 

peak of DIA. s ignal can be explained by overthermal e lec t rons . 
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Fig . 3 : Low intensi ty detector 
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Fig. 5: X-ray tube 
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