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A fundamental theory of high power thyratrons
for high power laser and beam applications
III: the production of radiation
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(Received 12 September 1983)

The radiation characteristics of a high-current hydrogen thyratron plasma have been
modeled in order to study this aspect of the physics of the conductive phase of
thyratron operation. The intensities and radiative energy efficiencies of the atomic and
molecular systems have been calculated in detail. A model is developed that is useful
for studies of photoemission. For discharge parameters T, =1 eV, ionization fraction of
~107? and background density of 10'® cm™, the total power of the emitted radiation is
estimated to be of the order of 5% of the total input power during the conductive
phase.

1. Introduction

This paper considers quantitatively the production and spectral content of radiation
produced by the plasma in a hydrogen glow-discharge. This discharge, described below,
is characteristic of a hydrogen thyratron. The production of radiation in a plasma, the
detailed spectral content of the radiation, and the specific excitation processes, are
important in the operation of various gas-phase devices, including switches such as
thyratrons, flashlamps, and incoherent optical pumping sources. The quantitative
understanding of such devices is at present very limited. For example, the relative
intensity of spectral lines can provide diagnostic information about the electron energy
distribution function, (which in turn allows determination of transport parameters such
as conductivity), provided a detailed understanding of specific collisional and radiative
processes exists for the plasma under consideration. Furthermore, the operation of
these devices is often critically dependent on the relative role of specific excitation
processes. However, because these plasmas are complex, and the analysis of radiative
and collisional processes requires consideration in detail of many processes, at the
present time there is a somewhat limited, and only qualitative, understanding of most
devices.

This work considers the production of radiation in the plasma that exists during the
conductive (closed) phase in a high-current hydrogen discharge, and is a continuation of
a series of papers on the physics of high-current thyratrons (Kunc & Gundersen 1982;
Kunc et al. 1983; Kunc & Gundersen 1983a; Kunc & Gundersen 1983b). A hydrogen
thyratron, ordinarily considered a low pressure switch, has typically a hydrogen
pressure of the order of 0-5 Torr. In a typical device, the current density may be of the
order of 10 to 60 A/cm? and the electron distribution function is Maxwellian, with an
electron temperature of ~1eV and an electron density ~10* cm™ (Kunc & Gun-
dersen 1982; Kunc & Gundersen 1983a). This plasma is important for device applica-
tions, but is also of more general interest, because the degree of ionization is unusually
high. The electron density is of the order of 1% of the neutral density and, because of
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this, the plasma properties are not a simple function of the neutral density—(e.g., of
E/N, where E is the electric field and N is the background neutral density). The
discharge cannot be properly characterized without taking into account the substantial
effect of a low electron temperature, large electron density, and concomitant high
electron-electron collision rate (Kunc and Gundersen, 1983b).

The radiation incident on the walls and electrodes of the device will produce charged
particles and thus will affect the conductivity and maintenance of the plasma. It is of
particular interest to consider the production of charged particles at the cathode of
many devices, in order to consider the effect on the electron emission properties of the
cathode, and the effect on the cathode potential fall. In order to consider these
problems, it is necessary to analyze the processes responsible for the production of
radiation. The model that is presented here should be suitable for the analysis of
photoemissive properties of many materials that can be in contact with a plasma of this
type.

It is assumed for this analysis that the most important processes for excitation of
atomic and molecular states are the interactions of atoms and molecules with (i)

radiation, and (ii) electrons. Heavy particle interactions are neglected as sources of
electronic excitation because of the dominance of electron collisions (Kunc et al. 1983;

Kunc & Gundersen 1983a).

Heavy particle-wall collisions are also neglected as a source of electronic excitation.
Although the efficiencies of these processes are not well understood, calculations
indicate that they are low in discharges with conditions similar to those present in this
plasma (Hiskes et al. 1982; Hiskes 1982). Detailed discussions of the assumptions made
in the present work can be found in papers of Kunc et al. (1983) and Kunc &
Gundersen (1983a).

In estimating the radiation intensity, transitions are primarily considered which are
strong in the visible and ultraviolet. This is because these photons are mainly responsi-
ble for the production of energy that is radiated out of the plasma volume. Further-
more, these lines are sufficiently energetic to interact with a wall or electrode and
produce electrons through photoemission.

2. Molecular excitation and radiative processes

The major source of molecular excitation is assumed to be electron collisions, as
indicated above. Model calculations are based on the work of Shemansky & Ajello
(1983), using cross-sections given by Ajello et al. (1983). Most of the energy in
radiation produced from the H, electronic transitions is produced by singlet systems in
the 700 A t01800 A region of the spectrum, for the electron temperatures considered
here. Seven band systems account for virtually all of the discrete emission; C—X,
D-X,B-X,B'-X, B"-X, and E, F-B.

The ground state connected transitions are allowed with lifetimes of the order of
1 ns. The model calculations applied here include rotational fine structure transitions
and take into account predissociation and self-absorption effects. The ground state
connected Rydberg series transitions indicated above determine the populations of the
upper states, because the radiative transition probabilities are much larger than the
branches for other loss processes. The Rydberg transitions have typical electric dipole
excitation functions. However, the cross-section for the direct excitation process,

e+ Hy(X)— H,(E, F)+e,

shows a characteristic electron exchange dependence on electron energy (Ajello et al.
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1983), because the symmetry of E, F 'S is the same as that of the ground state. The
sharply rising cross-section for the excitation of the E, F state, near threshold
(~12-5eV), causes this state to dominate the production of extreme ultraviolet (EUV)
radiation at the electron temperatures considered here, through the cascade process
E, F—B—X. Unlike the other states in this model calculation, the E, F state is
relatively long lived, with lifetimes ranging from 200 ns to 400 ns, as calculated by
Glass-Maujean et al. (1983). Although it is assumed in the emission rate calculations
that the E, F state is deactivated entirely by radiative transitions, the population in this
case may be affected to some degree by collisional deactivation and excitation into the
ionization continuum as discussed below. Emission rates for the electronic systems are
given in Table 1 for two electron temperatures, T, =1, and 1-5eV. The calculated
spectrum for each of these cases is shown in figures 1 and 2, assuming that the
observing instrument in this case was a spectrometer with 5 A resolution. The major
uncertainty in this calculation lies with the E, F state and possible collisional transfer to
the C 'II, state under these excitation conditions. If this process turns out to be
competitive with the E, F—B radiative transition, the predicted spectra would be
somewhat different from those shown in figures 1 and 2, but the radiative energy
efficiency would remain essentially the same as stated in Table 1. An additional process
affecting the E, F state may be electron excitation upward into the ionization con-
tinuum, contributing to the production of H3 in the plasma. This reaction could
therefore be of some importance in the plasma dynamics of the thyratron if the rate
coefficient were competitive with the ionization of atomic hydrogen at some point in
the discharge. Table 2 shows the coefficients calculated here. In this case the H, E, F
state ionization collision strength has been calculated using the known generalized
oscillator strength—Gaunt factor product at 300 eV (gf(300 eV) = 1-14) for the Hy(X)
ionization process, along with the H,(X) Gaunt factor shape function.

The excitation of the H, triplet states above the repulsive b 33} gives rise to the well
known H, continuum, mainly through direct and cascade excitation of the a *Z state
with subsequent a—b transition radiation. The continuum emission tends to be
complex and pressure dependent because the ¢, a, e and d states contribute measurably
to the production of the spectrum (see Shemansky & Smith, 1983). Direct transitions to
the repulsive b state from the ¢, e and d states are forbidden by symmetry properties,
and the continuum is produced following the discrete transitions c(v>0)—a, e —a, and
d — a which give rise to visible and near infrared emission. The major contributor to the
continuum is excitation of the c(v > 0) state, which has a radiative lifetime of (v >0)=
100 w sec (Freis & Hiskes, 1970). In this case the chamber pressure is low enough for
most of the deactivation to appear as continuum emission (Fowler & Holzberlein 1965;
1966). The cross-sections for the excitation of the triplet states are characteristic of
electron exchange processes and therefore peak at low energies in the 14-16 eV region.
Therefore there is a tendency to produce copious emission in low temperature plasmas.
The continuum spectrum ranges from ~1250 A into the infrared with a peak differen-
tial emission rate in the 1300 A to 2000 A region. The triplet state spectrum is not
shown here, but rate coefficients from Shemansky & Smith (1983) are used to calculate
the total emission rates shown in Table 1. At the plasma temperatures considered here,
the a — b continuum transition is the dominant photon source, although the emission is
spread over a broad spectral range.

3. Atomic excitation and radiative processes

The production efficiency of excited atomic levels can be found using a general
collisional-radiative model (Bates et al. 1962a; Bates et al. 1962b), with the assumption
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FiGure 1. Spectrum of H, Rydberg states emission excited by electrons, T. =1 eV, observed
through a 10'® cm™ column of molecular hydrogen at a heavy particle temperature T, = 800°K.
Assumed resolution of the spectrum is 5-0 A.
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FiGure 2. Spectrum of H, Rydberg states emission excited by electrons, T, = 1-5 eV, observed

through a 10'® cm™ column of molecular hydrogen at a heavy particle temperature T, = 800°K.
Assumed resolution of the spectrum is 5-0 A.
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that the major collisional process producing the excited atomic states is electron-atom
collisions (Kunc et al. 1983). Radiation-induced transitions are negligible in this case
(Hearn, 1963). The populations of excited atomic levels Ny, are determined from a
set of balance equations, one for each atomic level. Under the assumptions mentioned
above this set of equations has the following form:

ANy
—HO = ¥ NNyoSL+ Y NNu,ST+ Y Nuo Ayk; + NN (o + N,B;)
at i<j i>f i>j
- NH(,.)(Z N,SL+ Y NS+ Y Auk; + NeS,-c),
i <j i<j i<j

j=1323"'7jmaxa (1)

where Ny, is the population of the atoms on the jth energy level, N, and N* are
electron and ion densities, respectively. Si; and Sj are rate coefficients for electron
impact excitation from a lower level i to a higher level j and for electron impact
de-excitation from the level j to level i, respectively, S, is the rate coefficient for
electron impact ionization from level j. The factors o; and B; are rate coefficients for
radiative recombination and for three-body recombination into level j, respectively. A;
is the spontaneous transition probability and j,,., is the maximum number of excited
levels taken into consideration. The coefficients ; and k,; (for radiative transitions
between discrete states and for radiative recombination, respectively), called ‘escape
factors’, take into account the effect of radiation trapping (Holstein 1951; Hearn 1963).

The radiation escape factors «; were introduced as a convenient way to represent
multiple reabsorption of radiation in the plasma. The term N;A;x; in equations (1)
represents the combined effects of spontaneous emission and radiative excitation, i.e.,
the sum,

NA; + MBi;(W/C)me(V)f(V) v, @

where I(v) is the intensity of radiation averaged over direction and B;; is the Einstein
coefficient for the radiation absorption which can be easily expressed in terms of the
spontaneous emission coefficient A;. Therefore, the escape factor can be given in the
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following form,

—q— Nigc?
Kji ]V,g,zh(vﬁ 3

where v is the central frequency of the line.

Equation (3) couples the balance equations (1) with the radiative transfer equation.
The problem of finding the escape factors is complicated. The method of McWhirter
(1965) seems to be justified in this plasma and gives the escape factors as function of
the mean optical depth 7; at the central frequency of the line Vi ie.,

()"
(k+1)k"

ff(y) f(v) dv, (3)

Kji( ) 1+Z( 1)k (4)
where the mean optical depth 7; for the line produced in the j — i transition is given by
Bates et al. (1962b).

The radiative recombination spectrum of H* shows a strong continuum feature
beginning at 911 A and continuing to shorter wavelengths, corresponding to recombi-
nation into the H (1 s) state. The total recombination coefficient and the spectral shape
of the continuum emission has a distinct dependence on temperature. The total
recombination cross-section is known and is calculated from the photoionizaton cross-
section given by the Milne relation (Osterbrock, 1974). The recombination rates are
given in Table 3, along with the emission rates for the two temperatures considered
here. The spectrum of the continuum is shown in Figure 3, normalized to indicate the
spectral change with temperature. It was assumed here that the major ion in the plasma
is H* (Kunc et al. 1983; Kunc & Gundersen 1983a). The calculations of the continuum
emission spectrum are based on the Brown & Matthews (1970) formulation.

4. Radiation power loss efficiency

The estimated energy efficiency for the production of the H, Rydberg system and H
Lyman and Balmer series emissions can be calculated by using the results presented in
Tables 1 and 3. This efficiency is defined for the steady-state phase of the discharge
considered here as the following,

A=Ay, + Ay, (5)
with,
(8:—2:1)1-{ (Eraa)ur
A ~—w—=2 and Ag=—=—=, 6
Hy, = ] B n H i E (6)

tot tot

where (g:5a)u, and (e;20)y are total energy emission rates for all transitions (specified in
Tables 1 and 3) of molecular and atomic hydrogen, respectively. 1 is the the electron
current density and E is the electric field of the steady-state discharge. The last two
quantities are equal to about 60 A/cm? and 10 V/cm, respectively in a characteristic
steady-state discharge of the high-current thyratron. All quantities in relationships (5)
and (6) are presented in Table 4.

5. Discussion

One of the more important uncertainties in the calculation of radiative properties of
the discharge relates directly to the fundamental question of what processes contribute
to the ionization of the gas during the conduction phase. The estimation of the
ionization rate quantities depends critically on an accurate estimate of the electron
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Ficure 3. Differential brightness of the H, radiative recombination continuum as a function of
wavelength in the EUV, calculated at electron temperatures T, = 1-0 and 1-5 eV. The spectrum
is shown as modeled for observation using a spectrometer with an assumed 5 A FWHM
resolution. The recombination curves are normalized at the peak value to illustrate the tempera-
ture dependence of the continuum distribution. The absolute intensity scales for the two curves
are in the ratio 1:0-553.

energy distribution. Observation of the radiative characteristics can probably provide
the best measure of the electron distribution, but in addition more accurate estimates of
ionization cross-sections for excited states such as the H,(E, F) levels are required. The
rates for ionization of H,(E, F) levels are given in Table 2. Another factor affecting
ionization rates is the entrapment of radiation in the atomic hydrogen system because
this process has a tendency to change the population of the excited states. Ions can be
produced from excited atomic states by subsequent collisions with electrons or absorp-
tion of non-resonant photons. The calculation of the state of atomic hydrogen in the

T, (e i‘é&)u, (8:321 H

V) (W/em?) (W/em®) Py

2

Ay A

1 290(-1) 379(=2) 4-83(—4) 6:32(-5) 5-46(—4%
1-5 2:22 (1) 3-69 370(-2) 6:15(-3) 431(-2)
TaBLE 4. The estimated power efficiencies for production of H, and H
emission in the nominal volume (1 cm®) in the steady-state discharge. The
steady-state electron current density j=60 Afcm® and the electric field
|E| =10 V/cm. Parenthesis (!) represent the multiplication factors 10'.
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present case is difficult, as noted above, and the calculations contain some uncertainties
which are outlined below.

The approach leading to the escape factors given through equations (3) and (4) has
been criticized (Biaz & Pham 1972; Kogan 1967; and Suckewer & Kuszell 1975) as
being valid only in the center of the volume and being less appropriate as an
approximation in the vicinity of the gas boundary. However, generalizations of the
escape factors have been proposed (Hearn 1966; Suckewer & Kuszell 1975). These
generalizations take into account an anisotropy of radiation, and match the boundary
conditions consistently. The approach of Suckewer and Kuszell (1975) proposes the
generalization of Holstein factors for multilevel atoms using a non-coupling approxima-
tion. However, the accuracy of such an approximation for multilevel atoms is still open
to question, and requires a separate analysis.

It should be added that plasmas under conditions close to those considered here are
optically thin for all molecular lines except for transitions into the H, (X3, v=0)
level. The efficiency of conversion of the H, optically thick lines into optically thin
radiation in the EUV tends to be high, so that the radiative energy in this process is
delivered immediately to the chamber walls. The gas is also optically thin for all atomic
lines except the Lyman series. The transmission of the Lyman series lines in the gas is a
strong function of principal quantum number (n). In this case the gas is optically thin to
lines originating from n > 14 levels. The levels 14>n>2 are optically thick to varying
degrees and the radiative energy is lost mostly through conversion to the optically thin
Balmer series transitions. The Lya (1216 A) transition is a special case because the
upper state has no other radiative branch for the loss of energy. Thus, neglecting other
factors, all of the optically thick Lya radiation may be delivered to the walls of the
chamber. In reality some uncertain fraction of the Lya radiation will be lost to
absorption by trace impurities in the gas, excitation into the ionization continuum by
electrons and photons and to H, fluorescence through frequency redistribution caused
by the multiple scattering process. The production of ionization from excited atomic
levels becomes an important factor because of the fact that the majority electron mean
energy in the discharge tends to be low. The determination of the H (n>1) popula-
tions in the optically thick gas therefore tends to be important for an understanding of
the dynamics of the discharge. The estimated ionization rates and rate coefficients (Erwin
& Kunc 1983) for atomic hydrogen in the nominal thyratron are included in Table 2.
The rate quantities in Table 2 are given for the total H system. The electronic excited
states for H are the dominant sources of ionization in the optically thick gas. The
substantial contribution to the production of ions from excited states in H emphasizes the
important effect radiation entrapment may have on the discharge and is one means by
which trace impurities in the gas may affect discharge conditions and conduction phase
lifetimes. The observation of the EUV emission characteristics of the discharge is
therefore an important factor in understanding the process, because this region of
the spectrum is most sensitive to the physical parameters.

The magnitude of the escape factor for the Lya line applied in the present
calculations is k,, =~107>. As discussed above, this quantity at present has some degree
of uncertainty. The long time scales of the multiple scattering process relative to the
discharge pulse time raises the point that treating the discharge as a steady state
condition is only an approximation.

6. Conclusion

From Table 1 it is seen that the most energetically intense H, Rydberg system
radiation is continuum radiation of all triplet states. In the case of atomic radiation
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(Table 3) the most energetically intense radiation is the optically thin Balmer alpha
(H,) line and potentially the Lya line. All of the energy in the H, Rydberg systems is
lost by EUV radiation. The strong radiative recombination radiation is only weakly
affected by absorption processes.

Another important conclusion is that both molecular and atomic radiation emissions
are strongly dependent on electron temperature T, in the range considered here, i.e.
from T,=1eV to T, =1-5¢eV. The power efficiencies Ay, Ay, and A (Table 4) show a
similar tendency, in that they increase with elecron temperature, reaching about five
percent at T, =1-5eV. The radiative power emitted by atomic and molecular transi-
tions is only a very small fraction of total power of a high-current thyratron plasma
under typical steady-state conditions. However, the characteristics of the emitted
radiation, especially in the EUV region are sensitive to the details of the physical
processes controlling the discharge and obviously hold the key to understanding the
complexities of the thyratron.

It is clear that the observation of EUV emission in the hydrogen thyratron is vital to
the understanding of the breakdown and conductive process. Thre relative intensities of
the H* radiative recombination and H, emission are very sensitive to the electron
temperature and should provide precise temperature measurements. The spectrum of
the H, discrete band systems is sensitive to deviation from a Maxwellian in the energy
distribution of the electrons. The H™* recombination continuum also provides an
independent measure of electron temperature. The absolute value of the H* recombi-
nation coefficient is accuratedly known and deviations in rates from expected values
could be taken as a measure of the presence of other ions such as Hj, an important
question for the dynamics of the plasma.
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