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Abstract

Time dependent spectrum of hydrogen plasma with 17 oxygen
impurity in spectral range 5 eV -~ 5 keV is calculated by
using the corona model in the approximation of constant
electron temperature (of the order of tens of eV) for
interpretation of radiation measurements made on REBEX
experiment by maang of vacuum X-ray diodes and submicrometer

nitrocelulose filters.



1) Introduction

The time dependence of plasma electron temperature on the
REBEX experiment (hydrogen plasma of n,= 10** - 410" md heated
by relativistic electron beam ~ 350 kV, 30 kA, 100 ns;
resulting Te of tens of eV) is determined from ultrasoft
X-ray emission (10 eV - 1 keV) detected by means of vacuuam
X-ray dicdas with Al photocathodes and spectrally analyzed
by submicrometer nitrocelulose filters [1]. In the case of
hydrogen plasma with impurities., interpretation of results
of such measurements by the simple method proposed by Jahoda
et al. for the kaeV spectral region [2] (i.e. determination
of Te from the slope of continuum spectra) is possible only
in some special cases of REB-plasma interaction regime [3].
in a general case., the whole radiation spectrum of impuri-
ties (bremsstrahlung, recombination and line emission) must
be taken into account. Therefore. we have calculated the
time dependence of aemitted spectrum in the range 5 eV - 5
kaV., from which theoretical XRD signal and its reduction by
filters can be determined.

In this work. which has been made especially to under-
stand the influence of different processes on our measure-
mants., only oxygen impurity is included (for real descrip-
tion of our plasma also nitrogen, carbon and aluminium must
be taken into account). Fer the above mentioned plasma
parameters the nonstacionary corona model is used [4]
(including electron impact ionization and excitation., spon-

taneous radiative decay and radiative and dielectronic



recombination) in the approximation of constant electron
teaperature (which was found to be not too bad in the case
of heating by "nanosecond” REB in REBEX experiment).

So'’t X-ray emission calculations made for tokamak plasmas
are intent on the total radiation losses in steady state
(5,61 or on the time dependence of selected spectral lines
intensity [7]. The earlier time dependent calculations made
in connection with toroidal pinches [8]1 are uncompiate
because of very little data available in that period.
Astrophysical works are intent on the detailed spectra
calculations in steady state at very low densities [9,10].
In comparison uith all these calculations, in our case the
time dependence of all the emitted spectra must be determi-
ned. but with not very high spectral resolution (with
respect to the detection system characteristics). Some
special conditions of plasma in a strong ionization nonequi-
librum must be taken into account.

Our calculations weore made by using the computer SM 52/11

and grafical output of Tektronix 4941 _-ontroller.

2) Atomic processes

2.1. lonization

In the approximation of corona model only alactron impact
ionization from the ground state is taken into account
(ionization by elactrons from axcited statas. photoionizati-

on and autoionization are neglected with respact to the low



placma density). The ionization rate coefficients are qgiven
under the assumption of a maxwellian distribution of elec-
tron energy; it is established in our plasma within the time

of (1 - 100) ns depending especially on n, (wvhen neglecting

[V
a small group of overthermal electrons). For these coeffi-
cients for ionization from i-th (sub)sheli of ions with
charge Q (i=1s.2s,2p) we have used the following formula

proposed by Hinnov (taken from ref _[11]):
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The total coefficient is S(Q) =§%S;(G) (i.é. inner shell
ionization is included). Here S;(Q) are in m¥s?, Te is the
plasma elactron temperature in eV, l‘;(o) is the number of
equivalent electrons in the i—tﬁ (sub)shell of ion with
charge @ and I; (Q) is the binding eneray of electrons in
this (sub)shell (given by Lotz (12]). Ei(x) is the exponen-

tial integral
oD
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which is approximated in the following way (131,
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for <2, and
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with C = 0,5772 (Euler constant) for x>=2.

The needed atomic constants are shown in Tab.1. The
Hinnov formula used is equivalent to that proposed by Lotz
tihi for G>=4. 1In Fig.1 the temperature dependence of S, (@)
(as universal dependenca of S/Smax on I/Te) is shown. It
reaches a maximum at 1/Te~®.1 (the maximum value is
Smax = 1:7.16"\f‘L ), followed by a rapid dacrease for
lower temperatures and relatively low dJdecrease for higher
temperatures. It is seen that ionization from the K shell,
when the L shell is not fully stripped, is important only
for very high temperatures. To acquire the notion of the
differences in rate coefficients obtained by different ways.
also dependences of S;(GQ) calculated by means of the formula

used by Post et al.[5s] and that proposed by Kolb (published

in ref.[4);, it was used in our earlier estimations of

ionization state [3]) are shown. These differences are not

substantial.

2.2. Electron impact excitation

In our calculations we assume. that the line emission is
caused .only by optically allowad transitions by spontaneous
decay of excited states. Influence of spin-change and
forbidden transitions was not studied. Therefore, only the
fundamental resonant transitions are taken into account -

see Tab.1 (averaged ovear all terms, when needed). Rate



coefficients for elactron impact excitation are calculated

as [15) (in e s™t )

F@ = ™o (o £ (ST 5t

i.e. the temperature dependence is assumed to be universal
for all included transitions (in contradiction to ref (141,

for exzaple). Here E‘

transitions (in eV) and c¢:(Q) are individual constants.

These parameters are taken from references [5,15,17] and are

(@) are energies of the corresponding

given - in Tab.1. 1In Fiqg.2 the dependence of F/Fmax on E/Te
is shown. It is similar to that o¢f ionization rate
coafficients with the maximum value F max =0,43.10ﬂt.c.84h

at E/Te = 0.5.

2.3. Recombination

For plasma parameters ccrresponding to the corona model.,
radiative and dielactronic recombination must be taken into
account. For the radiative recombination rate coefficients
we have wmodifiad the standardly used formula [(5.11]1 in the

following way:
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where R1s(Q), R2s(Q@) and R2p(Q) (in ms\) describe recombi-
nation of ion with charge @ to the corresponding (sub)shell .,
the term (k;, - ﬂ;(ﬂ)) is the number of empty places in thi§
shell. R3 represants recombination in excited levels with
principal quantum number n>=3, which ara assumed to be
hydrogenic (i .e. I _(G-7) = 13,46 &V x Q*/nd) Binding ener-
gies of electrons .n subshealls 25 and 2. in the cases when
these levels are fully stripped (in parentheses in Tab.1),
are determined as the difference between binding energy in
the valence shell of ground state and excitation energy of
the respective levels. This modification of formula for
R;(@) is suitable because of its applicability also to the
calculation of radiation spectrum.

In Fig.3 the universal temperature dependence of R;(Q)
(i e R/Rmax on I/Te) is shown. Rmax in this case (the
curve shows monotonous increase) is the maximum in the
figure, i.e. at 1/Te = 100. Fig.4 shows the dependence of
R on the principal quantum number (in the form G/n) for
different temperatures., from which necessary number of terms
in summation for calculation of R3I can be determined; we use
summation up to n = 15 (see equations for R (@); for
comparison, in ref [18) summation up to n = 10 was used)

Dielectronic recowmbination rate coefficients for oxyngen
are calculated using the formula proposed by Vainghtein (191

in the following form (in mds™! )
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where Ki(e) is the rate coefficient for dielectronic recom—
bination of an ion with charge Q by excitation of its j)-th
resonant transition of energy Ei(G), and di(Gi are individu-
al constants. For Q= 1..3, the transitions (2s-2p) and
(2p—-3d), for @ = 4 and Q@ = S (2s5~2p) and (2s-3p), while for
Q=6 and Q@ = 7 only the first resonant transition (1s-2p)
are taken into account.

The needed constants d‘(G) (as given in the book by
Presnyakov et al.[(20]) and transition enernies are given in
Tab.1. Temperature dependence of coefficient K (K/Kmax on
E/Te) is shown in Fig.5; dielectronic recombination is a
strongly resonant process with the maximum probability at
E/Te = 1,5 and maximum coefficient value Kmax = 0.4.16% 4.

In the first approximation. density dependence of dielec-
tronic recombination is neglected. Since it can partially
influence ti.e ionization state at our densities (6], in the
planned more preacise calculations it must be taken into
account.

The total recombination rate coefficient of ions with

charge @ in our rcalculations is given by

A@) = [K () +Km] + [P0 4%, 10 R4 o] = We) 4.

3) Ionization state of impurities

- 0ot > - - o e -

Flasma on tre REBEX machina is qenerated by plasma oquns.,



the electric discharge in hydrogen gas starting on the
surface of guns insulators. Plasma density is varied
between 10" and 16" m by changing the hydrogen pressure
and gun parameters. Temperature of such a plasma has been
determined to be of several eV (~n3eV). Impurities come into
the plasma especially from the guns insulators surfaces,
i.e. principal impurities are the light elements C.N.0 and
Al, which can be partially deposited on these surfaces from
the anode foil of REP generator. Typical density of these
impurities estimated from the magnitude of XRD signals is
10" m® ., i.e w~1% of n, [31. This plasma is heated by REB
(~350 kV, 30 kA, 100 ns), the injection time of which is
much shorter then the lifetime of hot plasma (1 - 4 ys for
different -regimes) and characteristic ionization times of
impurities. Relaxation of overthermal electrons (caused by
REP-plasma interaction) and dissipation of energy of redis-
tributed magnetic field can cause, in some regimes. mild
additional heating of plasma after REP injection ([21].
Therefore, in the first approximation, we have assumed the
following model.:

Hydrogen plasma of n, = 18 - 1™ a® with 1% oxygen
impurity in ionization state o'* (approximately correspon-
ding to the fgrplasma Te) is heated at instant t = @ to Te
of several tens of eV, which is than conserved. With this
assumption, the time dependence of densitias of oxygen in
higher ionization states is determined.

Tha differential equations describing the ionization

state of oxygen are:
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with initial conditions based on our assumptions
mW)e= A | m(@Q4), ,, =©
Here n(Q) is the relative density of oxygen ions with
charge Q@ (in comparison to the total oxygen density),
$(Q,Te) and MQ,Te) are, respectively, ionization and recom-
bination rate coefficients at the electron temperature Te.
In the case of ionization equilibrium, the relative

densities 110) are given by

|
e 8 Lo

In our calculations, the above mentioned differential
equations are solvad numerically by the Euler method on the
assumption of constant Te (i.e. constant coafficieants 5 and
. Analytical solutions are obtainable only in some
spacixl cases:

a) Solutions published in ref.{22) are made for the constant
Te on the assumption that during the time pariod that n(Q)
is varying rapidly, only’ the adjacent states, Q-1 and G+1,

have a time varying popr.lation, all states lower than Q-1
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having reached a steady state and all states higher than G+1
having yet to be populated. In our case, this assupmtion is
not satisfied. This fact was confir-med also by the compari-
son of results obtained by numerical and this analytical
solutions.

b) In the case when ionization is the dominating process and
recombination can be neglected, equation similar to that
used for chain radiocactive decay can be used [4] (also only
at constant Te). Rasults obtained from this equation are
similar to those of numerical calculations in our case,
aspecially in shorter time intervals. Therefore, for esti-
mation of ionization state the times of maximuﬁ density of
individual ionization stages, obtained by derivative of this

equation, can be used:

o Sta-) [sa- -s(a)]
WO e s (@)t ]

Time dependent relative densities of oxygen ions with
charge QG = 1..8 at different electron temperatures obtained
in our numerical calculations are shown in Fig.6 - 10
(dependence on the product ' n,.t is universal for all
densities). These results confirm the strong ionization
nonequilibrum of our plasma. For comparison, we have
calculated also the distribution of ionization stages of
oxygen in corona equilibrum in depandence on Te. Results,
shown in Fig.11, are in reasonable agreemant with those of

other authors [5.6].
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4) Soft X-ray emission

4.1.Continuum

The continuum spectrum of plasma radiation includes
bremsstrahlung ang continuous part of radialion caused by
radiative recombination.

Bremsstrahlung spectrum in our case (i.e. hydrogen

plasma with oxygen impurity) is given by

|
E) = 4567 TP 5 (w0 m,f;’.a‘Ma\)

where P‘ (E) is the spectral density of radiation intensity
of plasma volume 1 n® at the ensrgy E (in W.a¥. eV ), n, is
hydrogen density (we have assumed ny, = n,) and ny is oxygen
density. All other symbols have been defined above. Calcu-
lations ware made under the asizumption that the Gaunt factor
for bremsstrahlung is equal to 1 for our piasma paramatnrs
£23].

Recombination continuum has a similar form as bremsst ah-
lung spectrum (i.e. exponential slope). but with thresholds
at energies corresponding to the ionization potentials of
tha ions after recombination from the (sub)shells. to w.ich
eleactruns were captured. Spectral density of radiation

intensity for this case can ba written as
?o.ti\-gi.;?“.}e\ y heledaled

PoailE) = © , E<T (a-})
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where i are the (sub)shells of the iorn after recombination.
Spectrum for electron capture to the shells with quantum
numbers n>=3 was approximated under the assumption, that all
electrons were captured to the shall n= 3, i.e. Iy(G-1) =

13.6.G/9 (see the recombination rate coefficients). The
Gaunt factor for ~adiative recombination was taken equal to

1 £23]

4.2.Line emission

Line emission is caused by spontaneous decay of excited
states, which are produced by electron impact and by both
radiative and dielectronic recombination. In the case of
dielectronic recombination, the resulting ion is twice
excited (the  electron is captured to the level with high
quantum number with excitation of the resonant transition of
an ion before recombination). Energy of the resonant
transition is assumed to be not influenced by the outer
electron (its decay time is shorter than that for outer
electron). The cascade decay of outer electron is approxi-
mated by emission of energy of the transition E, of an ion
after recombination, similarly as in the case of radiative
racombination to the shells n>=3. This approximation is not
fully correct. In Tab.2 all the rate coofficionis are
shown, as calculated for the typical temperature Te = 50 eV.

It is seen, that the part of 1line emission caused by
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recombination plays a substantial role only for oxygen ions
with G = 4. .8, which ara praciically not present in our
plasma (as well seen from the time dependence of n(Q)).
iThircfore, this approximation was find to be good for plasma
in REBEX wmachine. Excitation of level 2p by (gdiative
r.combination is also taken into account. when the level 1s
is partially or fully stripped. Since we include in our
calculations only optically allowed transitions, excitation
of level 2s by recombination is not taken into account. On
these assumptions, intensities of individual 1lines can be

calculated in the following way.
Boy™ Aol mm, m@(FQL/A)EQ) Q=443
By = Ao, IO ) e mier iR far] €4 Qenst
Tn * o0 [l ) et R ] € 0)
P “ A1, mlQ) FME,@

where %g‘ (in W.m? ) is the intensity of j~th resonant line

of ion with charga Q emitted from the plasma volume of 1 m .

4.3.Calculation of spectrum

The spectrum is calculated as the spectral density of
radiative powar in the spectral range of 5 eV -5 keaV in 180
points (i .e 40 points within one order of energies). Within
the intervals betveen two points it is assumed to0 be

constant (the relative width of intervals is E/aE ~24).
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Since the only time dependent terms in equations for
spectrum calculation are the relative oxygen densities ni(Q).
we cal.ulate the “universal spectrum" for individual tempe-
ratures (for ng = 0,01 ny,; the symbols PP are the density
independent intensities P/nyg/ng) in the fcllowing form:
hydrogen bremsstrahlung:
. 'm ’h ’E
9,06 « As-i6™ T 61
oxygen bremsstrahlung:
- \ L) -
PRLE) = AS- B Tk gt
recombination continuum.
P® =200 .(E) = ishalalyd
LN = ailE) 1 RTEAN
W E) =8 | E<T(a-)

‘Whi(ﬁ) “&'6“ E}&&% ’J‘Eh" " EZI&(Q"“ i Q‘«"."

line emission:

i Q=421

S
i?uéﬁh';z:1‘2‘&(§3

e
where PPn‘(!\ $# 0 only in the following cases:

ElQeat | Q=AY S
o) = Ahs™ (Flan) K o)) S

£, Qe at , Q=42} D
o (€) = Aek™ (EaT) s fagy) Sk

E,d)s 8E |, Q2b} D
™, 6 = ALl F(am) o
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E-‘(Q-l\ Y3 1 Q=S¢ =
PP o €) < dia™ R, (o) £48-.

E,,(G—A) «oE | Q=1 =
Pacld) = 4696% (Kl R o) Ealled

The total spectral density of radiation power (in
W.md /eV) at the time t (in the density universal form n,. t)

is than given by:

$
P (myih) = PR, L) n&[w,;q B8 (D] mo(@ymh)

The real intensities emitted by the plasma volume of 1 "
can be determined as
‘Pﬁ"ﬂ~‘)\u;TPE.' kflu~:,?9t

Examples of calculated spectra are given in Fig.12 - 15.
It is saan that recombination thresholds are partially
masked by hydrogen bremsstrahlung (especially in shorter
tiva intervals) and that the radiation spectrum is shifted
to the higher energias in longer time intervals. The total
intansity of continuum is not higher then 17 of the
intensity of emitted lines.

For comparison we have calculated also the radiation
lossas caused by diffarent mechanisms for oxygen in corona
equilibrium by using the integrals of different parts of
spectrum calculated by tha describied procedure. Results
ghown in Fig.14 are in reasonable agreament with those

published by other authors [(5.,6].



- 417 -

3) XRD signals

5.1.Calculated signals

Signals of bare vacuum photodiode with Al photocathode
and those of the same detectors with nitrocelulose filters
of submicrometer thicknesses are calculated from the time

dependent spectrum as

Swail
'I(ij% = Sab(ﬂ)?ﬂaﬁhxl)ILE.
s

The sensitivities of detectors & used (in A/W) are shown in
Fig.17. The sensitivity of aluminium for E > 10 eV is taken
from vref. (24,25), for E < 10 eV it was obtained by
extrapolation (the fact that the threshold of sensititvity
is at E = 4,26 eV was taken into account). Absorption
characteristics of nitrocelulose (CiHgN,O4) for E > 30 eV
were obtained from data pub. ished by Henke [26]1 , for
15 eV < E < 40 eV calibration were made by synchrotron radi-
ation in the Institute of Nuclear Physics in Novosibirsk
(USSR) and for E < 15 eV the data were obtained by extrapo-
lation.

Signals obtained by this way are density independent (in
And). Real signals (in volts) can ba determined as

UMY = At et V02T

whare V (in m) is the viewed plasma volume, L = S/4 % .R* (S
is the photocathode area; R is the distance betwean detector
and plasma) and Z (in ohms) the detector impedance. (In our

concrate conditions, the product V.A.Z~ 10" md ohm).
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In Fig.18 - 22 the signals of bare XRD (I,) for several
temperatures are shown together with respective ratios of
signals with filters of typical thicknesses 9.,1; 0.25; 0.5
and 0,85 um to those of bare XRD (1/1,). It is seen that
the ratios corresponding to filter thickness of 9.1 Pn area
very similar for all included temperatures (in the limit of
measurement precision). Information on Te can be obtained
only by thicker filters. Some information can be obtained
also from the characteristic form of bare XRD signal
(especially in the case when n, is determined in on

independent way).

5.2, Comparison with experiment

In Fig.23 the signal of bare XRD is shown, as obtained in
one of typical regimes of REB-plasma interaction. It
differs from that calculated for Te = S50 eV (Fig.20a) at
typical density n, = 1™ m? only in the front (initial
increse caused by plasma heating by REB) and in some quicker
decrease at times > 1 us- which is connected with a hot
plasma decay.

Typical resultis of measurements with filters are shown in
Fin.24. In this concrete case, filters of thicknesses .09,
©0.2; &nd 0.57 um were used. Signal with filter 9,57 pr was
too small to be registrated. 1In Fig.25 thaeoretical ratios
1/1, are shown for these filter thicknesses for Te = 350 eV
(n"a'1d“ ﬁ4 was obtained from the fregquency of diamagnetic

signal). It is sean that experimental and theoretical ratio
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values are in reasonable agreement at t = 1 us. In shorter
time intervals. the ratios obtained with thicker filters are
too high. This effect isv probably caused by overthermal
electrons generated during beam-plasma interaction, which

can effectively excite K-lines of low—ionized ions

6) Conclusion

The model described is suitable for plasma heating by
"nanosecond" REB. For better description of processes in
such a plasma we plan to include in our calculations other
impurities (especially carbon and aluminium) and the influ-
ence of overthermal electrons (for example by introducing
two-temperature distribution of electron energies). Influ-
ence of spin—-change and forbidden transitions on line
emission and more detailed description of cascade decay of
electrons from high principal quantum number levels will be
also studied.

For interpretation of planned measurements on experiment
with "microsecond” REB (davice GOL-3, INP Novosibirsk.,
REB of ~ 5 us), where the injection time will be comparable
with the plasma lifetime and ionization timas, calculations
with time dependent electron temperature must be made.
These calculations will be difficult because of substanti-
ally larger computer time neaded (one run scvcr;; hours on

SM S52/11 computer).
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era 2 3 4 5 6 7

1s 2,0 2,9 2,9 2,0 2,0 2,0 1,0
2s 2,0 2,9 2,0 2:9 1,0 0,0 0.0
3s 3,0 2,0 1,0 0,0 0,0 @,0 9.9

I1s | 565.0 592,0 618.0 645.0 671,60 739,0 ©71.0
12 | 42,6 63.8 87.6 114.6 138,0 (173.0) (221,0)
I2p | 35.14 54,9  77.4 (94,3) (126,0) (165,0) (221,0)

tr. 28-2p 28~2p 28~2p 28-2p 2s-2p 18~-2p 1s-2p

E1 14,9 18,5 19.0 19.7 12.0 574.,0 650,0
c1 b, 24 6,76 8,00 7,69 2,84 3,02 1,83
d1 2,99 6,89 12,6 21,9 12,8 9,54 0,48

tr 2p-3d 2p=-3d 2p~3d 28-3p 28-3p 1s-3p 18~-3p

E2 28,8 40,7 52,0 72,0 82,6 665,0 775.,6
€2 1.39 2,48 0.9 2,57 1,15 2,45 1,40

d2 0.10 0,41 0,76 0,23 0.26 0.0 0,0
tr. 1s—-4p 18—4p
E3 698,0 815,0
c3 2,43 1,40

Tab.1: Atomic constants of oxygen
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