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Abstract 

Time dependent intensities of selected resor. nt lines of 

1* £• 

oxygen impurity in ionization stages 0 - 0 in hydrogen 
«5 -t, 

plasma of пл about 1@ cm are calculated by usi no nonsta-
tionary corona model with variable eJsctron temperature of 
the maximum value of 20 - 5© eV (plasma parameters of REBEX 
experiment)/ to judge the possibilities of prepared rneasure-
ments and to facilitate their interpretation. Simulta­
neously the rough form of XRD signals correspond ng to these 
parameters and the influence of radiation losses on plasma 
decay are shown. 
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Introduction 

Electron temperature of plasma bulk on REBEX experiment 
(hydrogen plasma heated by relativistic electron beam«v, 350 
kV/ 30 kA, 100 ns/ resulting 1^ of tens of eV) E13 was 
measured from the exponential slope cf continuum spectra of 
plasma radiation in utrasoft X-ray region (10 eV - 1 keV) by 
filter method/ using vacuum X-ray diodes (XRD) and submicro-
meter nitrocelulose filters C2]. Because the radiation 
spectrum is deformed by presence of impurities (in our case 
especially C/ 0, and Al; г\^-**Л.У. nt deduced from the 
magnitude of XRD signal)/ sufficiently precise interpreta­
tion of such measurements can be made only in the case of 
low electron densities (пхл*10 cm )/ when the ionization 
times of impurities are so long/ that their ionization state 
is sufficiently low to suppress the line emission even by 
the thinest filters during all the measured signals. For 
results interpretation in a general case/ a model of 
radiation emission must be made/ including time dependent 
density of individual ionization stages of all impurities 
and time dependent radiation spectrum (bremsstrahlung/ re­
combination continuum and line emission). 

Behaviour of our plasma (nA= 10 -10 cm / TA tens of 
eV/ beam injection time << hot plasma lifetime and charac­
teristic ionization times) can be described by nonstacionary 
corona model. In our previous work Í31, a set of calcula­

tions have been made for understanding the influence of 

different processes on our measurements. These calculations 



were made for 17. oxygen impurity m the constant Tt 
approximation. which was found to be riot too bad for- time 
conditions on REBEX (such calculations need substantially 
shorter computer times because of constant coefficients in 
dif. equations for ionization state and in spectrin» calcu­
lations). It is seen from the results of this model, that 
by our plasma parameters about 9Ф7. of radiation power is 
emitted in the spectral range 10 - 25 eV due to resonant 
lines of the type 2s - 2p of all generated ionization stages 
4+ 5+ 0 - 0 Therefore/ information on T^ can be obtained only 
from measurements with nitrocellulose filter thicker than 
<v> 0/15 urn. In Fig.l and 2 theoretical XRD signal deduced 
from this model for TA = 4-0 ev\- nt= 10 cm atvl its reduc­
tion by filters of different thicknesses are shown/ respec­
tively. In some regimes of beam-plasma interaction/ the 
form of experimental XRD signal is similar to that from 
Fig.l for t < 1 jiS/ but a more typical experimental form is 
that shown in Fig.3. From measurements with filters (by the 
assumption that the dominant impurity is oxygen) (Fig.4) and 
from comparison with results of other diagnostic methods/ 
the maximum Тд. of 30 - 4-0 ev" can be deduced in this concrete 
regime. 

We have made also the first attempt at calculations with 
variable T^ C43. The main result of this attempt is that 
decrease of Тл due to radiative energy losses at plasma 
parameters which can be achieved in REBEX machine is in 
relatively good agreement with the decay of plasma bulk 
deduced from diamagnetic meeurements C5D (according to our 
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estimations/ losses due to plasma diffusion to walls at such 
parameters ere lower). 

All the above mentioned calculations were made only for 
oxygen and only the most intensive resonant lines were taken 
into account. Similar calculations for other impurities ar^ 

possible/ but real percentual impurity composition is un­
known. Precise spectra calculation including all possible 
lines in relatively large spectral range is out of our 
possibilities. Calculations of radiation losses/ and conse­
quently the decrease of Tfc and the form of bare XRD signal 
in variable Tj, model, are practically independent of these 
facts; but a more substantial influence can be achieved in 
calculations of XRD signal reduction by filters. Therefore* 
Tx measurements by filter method at plasma densities now 
under investigation on REBEX (пдл-10 cm and higher) can 
be used only for rough estimations. At present we pr^paret 

an experiment for measuring the time dependent intensities 
of resonant lines of 0 - 0 / which can give more infor— 
mation on time benavicur of lu . The main purpose of the 
presented work is to make theoretical bases for these 
measurements. 

2) 2s - 2p transitions of oxygen ions 

The most intensive spectral lines of oxygen ions at our 
plasma parameters (about 9#7. of all intensity) are those of 
the type 2s - 2p. In Fig.5 - 9 the term structure of the 
ground configuration Is 2s 2p and of the excited one 
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Is 2s 2p .• and optically allowed radiative transitions 

between these configurations (with^«o£ in Д) вгв shown for 
the ionization stages of oxygen gene-->ted in our plasma (0 
to 0 ). These graphs were constructed by using the data of 
ref C6-83. 

In our previous calculations E33/ according to standart 
calculations of radiation losses (e. g. С9-1ФЗ) .• only transi­
tions to the ground state агв taken into account. In the 

4* It 
case of 0 and 0 / also intensive lines corresponding to 
the transitions to metastable state are observed Z7.S1 

2f 

Fig.5.6. For 0 .• transitions to the ground state are 

substantially predominant,- but for 0 Ť transitions to the 
metastable states (which probably can be excited in our 
plasma) may enhance the radiation intensity (for discussion 
of influence of this fact see section 4) . 

For lines intensity measurements, such lines (,т groups 
of lines) must be picked out/ which can be (by the used 
monochromator) hopefully selected from the emitted radiation 
spectrum/ i.e. close to which no lines of other ionization 
stages of oxygen or of other possible impurities exists. 
(especially С and Al) The concrete selection (using ',he 
tables C83) is shown in Tab.l/ simultaneously with parame­
ters needed for intensity calculation (cf section 3c) 
The lines of 0 ar^ not taken into account because of 
probable deformation of experimental results by plasma 
periphery. 
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3) Methods of calculation 

a) Atomic processes 

I o n i z a t i o n . In the corona model/ only electron 

impact ionization from the ground state is taken into 

account (ionization by electrons from excited states/ photo-

iorúzation and autoionization are neglected with respect to 

the low plasma density) For 1̂  <50 eV the ionization of 0 

to 0 can be neglected as well as ionization of lower 

ionization stages from the К shell. Neutral oxygen is not 

taken into account/ because T4 >3 eV during all included 
A* s*-processes. Therefore/ only ionization of 0 - С from the 

L r,hel 1 is included. The ionization rate coefficients for 
ionization of ions witr charge Q are calculated by the 
following formula, constructed by using data from ref. 

C M , 123 (in cm s" ) : 

where Ig. *s electron temperature in eV/ La is a number of 
"equivalent" electrons in the L shell/ 1^ is the effective 
ionization potential from the L shell in eV (i.e. weighted 
average of 1*̂  (0) and I^-iu)/ which агв given by Lotz C133), 
ад aret individual constants (selected in such a way/ that 
the resulting coefficients ar^ in good agreement with those 

presented by Lotz C123)/ and Ei(x) = \ -—- A* is the 
к <• 

exponential integral. The needed parameters are shown in 

Tab.2. 
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R e c o m b i n a t i o n . For plasma parameters corres­
ponding to the corona model. radiative and dielectronic 
recombination must be taken into account. For the radiative 
recombination rate coefficients we use the standard formula 

Ъ -! (cf.e.g.[93) in the following form (in cm s ): 

where the first term represents recombination to the L shell 
(8-^л is the number of empty places), while the second one 
that to the excited levels with principle quantum number 
n > 3/ which are assumed to be hydrogenic. The free-bound 
Gaunt factor is taken equal to 1. 

For dielectronic recombination/ only the first resonant 

lines are included (of the type 2s - 2p; averaged over all 

terms when needed). The respective rate coefficients are 

given by the formula proposed by Vainshtein C14D (in 

cm s ): 1/ с L 

where E< is the excitation energy of the transition in eV 

and dq are individual constants (taken from ref C153) Ail 

the needed parameters are given in Tab.2. Density depen­

dence cf dielectronic recombination is neglected. 

I o n i z a t i o n s t a t e . The time dependent ioni­
zation state of oxygen is given by the following diffe­
rential equations (in our conditions): 
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Q»ir5 

Here n^ are the relative densities of oxygen ions with 
charge «3 (in comparison with the total oxygen density n0 ) / 
n^ is electron density in cm (which is assumed to be 
constant according to constant fraquency of diamagnetic 
signal on REBEX; changes of n^ due to ionization of 
impurities are less then \<b'/.) . Because oxygen is prac­
tically in ionization state 0 * by forplasma Tk** 3 eV/ the 
initial conditions for dif. equations are. 

Coeffitients SQ/ R^ and Кл are temperature dependent. 
Therefore/ time dependence of T^ must be known for solving 
the above mentioned equations (see section 3b). In our 
calculations/ these equations are solved numerically by 
using the Euier method. 

E x c i t a t i o n ; r a d i a t i o n l o s s e s . 
In the corona model an assumption is made/ that line 
emission is caused by spontaneous decay of excited states 
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generated by electron impact excitation from the ground 
state. In this work/ only the first resonant transitions 
(of the type 2s - 2p) are included. The excitation rate 
coefficients are calculated by the following way (used for 
example by Tazima et al.C10]): 

The respective transition energies Ел (in eV/ averaged over 
all terms when needed) and constants Сл shown in Tab.2 were 
obtained by combining the data from ref.C93 and C103. 

By plasma parameters used in this work/ radiation losses 
due to bremsstrahlung and both radiative and dielectronic 
recombination can be neglected. In the line emission, the 
2s - 2p lines are substantially predominant. The energy 
needed for ionization is also much smaller than that emitted 
in these lines. Therefore, losses due to "collisional and 
radiative processes" (ionization/ recombination and radia­
tion) can be represented by 

S 

Here P (in eVs"' ) are losses coming to one electron/ ne is 

oxygen density in cm 
All the included lines fall in the spectral interval of 

the maximum sensitivity of XRD/ 10 - 25 eV (about l<ž> A/W) 

C2Í. The radiation losses are practically independent of 

the type of light impurity. Therefore/ the rough form of 

bare XRD signal corresponding to the plasma parameters used 

in these calculations can be approximated by (including 
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concrete conditions of our measurements): 
XTTpC4:)-<,e.tó2Vť^) (i„ Volts) 

b) Electron temperature 

On the REBEX experiment/ the forplasma of Тл of about 3 
eV is heated by REB of the pulse duration л*. 100 ns. After 
REB injection/ the plasma bulk can be mildly heated by 
relaxation of a small group of overthermal electrons (which 
is generated during the REB-plasma interaction) and/or by 
dissipation of redistributed magnetic field C13. The cha­
racteristic decay time of the overthermal component/ deduced 
from diamagnetic measurements/ is several hundreds or ns 
C53. Therefore/ time dependence of Тд in our calculations 
is approximated by the exponential function in such a way/ 
that ТАдмл =TJL(0/5 US)'' 1/5 Тл(0/1 us). According to our 
previous estimations/ ^хш^к. °? 20/ 30 and 45 eV were 
selected. The respectivt analytical expressions of T^ are-. 

Ti»0).J»íl-x )+S f-US-te* , 

Т ц М - И И - / * ) - * 
where t is time in S/ Tg is in eV. For t > 0/5/us we 
assume/ that lt decreases due to radiation losses (which are 

independent of the type of light impurity). Because the 
average electron energy is | Te / electron temperature is 
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Here At = t̂ i - t,- is the time step in numerical calcula­

tions of differential equations for ionization state of 

oxygen. 

The energy distribution of plasma bulk electrons is 

assumed to be maxwellian during all the above mentioned 

processes (influence of overthermal component is neglected). 

c) Time dependence of lines intensity 

The intensity of the selected spectral lines (or groups 

of lines) - see section 2 - is calculated in a way similar 

to that used for radiation losses due to line emission 

caused by electron impact excitation. The line intensity in 

-a 
Wcm is given by 

is T -h -*«/Tc 

where W^ is the transition energy in eV and b^ are 

individual constants. These parameters/ as given by T^iima 

St 
et al.Cl€>3/ are shown in Tab.l. For 0 / the constant b^ is 

0/5 of that used by Tazima for 2s S - 2prP transition/ 

because only one line from the dublet of comparable intensi­

ties is selected for our measurements. 
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4) Results 

Calculations are made for the following plasma para-

meters: Oxygen density is nt = 2.10 cm according to the 

most probable value of density of impurities deduced from 

the magnitude of experimental XRD signals at REBEX. Elec­

tron density in present experiments at REBEX is about 

10 cm Therefore/ calculations are made for three values 

of n, , 5.10<¥/ 10*6 and 2.10*:т'4. For each value of ng 

the three cases of the front of T t mentioned in section 3b 
are included (the respective maximum values of Tt are 20/ ЗФ 
and 45 eV). The decrease of Тд due to radiation losses (see 
section 3b) is practically independent of nc in the included 
interval (dependence only due to different ionization states 
of oxygen) and it is in relatively good agreement with 
plasma bulk decay observed at diamagnetic measurements C5D 
as mentioned in introduction. The three resulting time 
courses of Tf / as calculated for Пд = 10 cm /are shown in 
Fig. 10 - 12. For the above mentioned nine combinations of 
nj[ and 1L we have calculated the time dependent intensities 
of selected spectral lines of 0 - 0 (see section 3c) and 
a rough form of bare XRD signal (see section 3a/ radiation 
losses). 

The main results of XRD signal calculations are the 
following: In included interval of plasma parameters ir\g, 

Tj), the magnitude of bare XRD signal is practically 
independent of Тд (which is in good agreement with experi­
mental observations on REBtX) and increases linearly with пл 
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<and similarly with n c ). For higher temperatures/ the 
plateau of XRD signal near to its maximum value is longer. 
These facts are il.istrated by Fig. 13 - 15/ where the XRD 

to -1 
signals calculated for <Т/4иЛс #nf) = (20 eV, 5.1® cm ); 
(30 eV/ 10*сш" г); (45 eV. 2.10 S cm"4 ) are shown/ respec­
tively. Some typical properties of signals for different T> 
obtained from constant T4 calculations C33 are now masked by 
the time dependence of T4. The initial part of the 
signal (t < 0/5 us) can be increased by optically allowed 
transitions to metastable states of 0 mentioned in section 
2. However/ this increase represents only some "fine 
structure" of XRD signal/ which can be masked by presence of 
other impurities. Tie other results (T£,- lines intensity) 
cannot be influenced by these transitions/ because tre front 

of Тд is gived in an explicit form. 
In Fig. 16 - 24 the time dependences of intensities of 

U Si-
selected spectral lines of 0 - 0 are shown for all nine 
above mentioned combinations of r\t and Tt . By taking into 
account the two typical quantities/ namely the relative 
values of maximum intensity of lines corresponding to 
different ionization stages and the times of maximum inten­
sities/ the individual cases can be sufficiently distin­
guished. For example/ only the measurable intensity of 0 
lines and/or substantially predominant intensity of 0 
lines indicate 1цЦи!К near to 50 ". On the other hand/ 
substantially predominant intensity of 0 + lines corresponds 
to TxiHAK, about 20 eV. More information on time behaviour of 
Tj£ can be obtained by measuring electron density in an 
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i ndepe nde n t way. 

By taking into account the proposed geometrical arran­
gement of the prepared experiment and the sensitivity of 
proposed apparatus, and including the fact that only a part 
of the total impurity density is oxygen/ the magnitudes of 
signals corresponding to the line intensities indicated in 
Fig. 16 - 24- of the order of (€>/! - 5 mA) can be achieved. 

5) Conclusion 

At higher plasma densities on REBEX experiment/ the 
measurements of spectral lines intensity can give more 
information on T̂  than XRD-filters measurements because of 
excluding a series of "free parameters" (accurate chemical 
composition of impurities/ complicated line spectrum)/ espe­
cially by measuring пл in an independent way. Intensities 
of selected lines which can be achieved are sufficient for 
measurements by accessible apparatus. The presented calcu­
lations can be used for interpretation of such measurements; 
for this purpose/ other time courses of T̂  can be included 
in our calculation programe when needed. The simultaneously 
made XRD-signal calculations can be used for check measu­
rements. They can also help to explain some facts of our 
previous measurements. 

In such regimes/ when radiation losses are sufficiently 
dominant mechanism of plasma decay/ the time integrated XRI> 
signal obtained in a suitable geometrical arrangement can 

be used tor estimations of energy content of plasma bulk and 
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compared with diamagnetic measurements, which give a total 
plasma energy content including overthermal electrons and 
energy of redistributed magnetic field. 

Some simplifications in comparison with our constant Те 
calculations [33 (only six ionization stages.- only one 
energy level for ionization and radiative recombination/ 
only one reson-"it transition for dielectronic recombination 
and radiation losses/ neglection of continual spectrum) 
allow us to reduce the computer time needed for variable T$ 
calculations to a reasonable degree (one run *-2& minutes on 
SM 52/11 computer). 
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