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The permeation of microwave pulses ( / = 9 . 4 G H z . pulse duration: 0 .5-0 .7 ps) through a 
partially ionized hydrogen plasma is investigated. At supercritical electron densities (line-aver-
aged density: n t = 1.2-1.8 x 1018 m~3) a resonant enhancement of the wave amplitude is 
observed between the plasma column and the metallic end reflector of the waveguide. Local 
measurements of the electric field strength in the cut-off layer next to the end reflector are cor-
related with the transient behaviour of the H^ line intensity, of the electron density, and of the 
mean electron energy. From these measurements, both the reduced H^ excitation rate and the 
reduced ionization rate by electron collisions are obtained as functions of the reduced effective 
field strength in the range 3 0 - 6 5 Vm - 1 Pa - 1 . 

Introduction 

In the past much effort has been made to model 
the rf-power dissipation in partially ionized plasmas 
[1 -3 ] , but practical appl icabi l i ty has only been 
demonstra ted in a few cases. Moreover , the ob-
served anomalous absorpt ion of rf-waves in over-
dense plasmas has raised many new questions [4], 
Most detailed in format ion is expected f rom study-
ing the t ime evolution of the electron energy dis-
tr ibution function. But this is hampered by many 
experimental and theoretical difficulties. There fore 
it is preferable to conf ine oneself to cases which are 
easy to treat, neglecting diffusion losses and balancing 
the energy gain of electrons with the energy loss by 
inelastic collisions. This has been done in the work 
of Cot t ingham and Buchsbaum [2]. In addi t ion, they 
presumed a negligible influence of the plasma prop-
erties on the propagat ion of microwaves. This con-
dition has to be fulfilled if the electric Field strengths 
are determined f rom the forward power fed into the 
empty microwave line. Although a simple proce-
dure like this may be sui table for the b reakdown 
phase of the microwave discharge, it generally can-
not be employed in the case of a fully developed 
plasma reaching overcritical densities. The latter 
case is treated in the present work. In contrast to [2], 
the microwave ampl i tude inside the plasma was 
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almost tripled by resonant enhancement . The re fo re 
a quite different method for the de te rmina t ion of 
local rf-electric field strengths had to be appl ied. 

I. Theory 

Considering plasma interaction with an rf-f ield 
under stationary conditions, a differential equat ion 
may be derived f rom the Boltzmann equat ion which 
is solved by the isotropic part / ( u ) of the electron 
distr ibution function varying with the energy u. T h e 
solution becomes easier if the elastic electron col-
lision frequency v is independent of u (Brown, 
McDonald [5, 6]). In the case of a tomic hydrogen 
and a weakly ionized plasma, this assumpt ion 
is valid for energies above 5 eV (v//?H = 1.8 x 107 

s _ 1 Pa" 1 : PH = P in the following, i.e. p is twice the 
filling pressure measured at a temperature of 273 K). 
Generally, the electron energy distr ibution funct ion 
is required for different values of the reduced 
effective Field strength EJp. The latter is given by 
the relation 

£e = £ o v / [ 2 ( v 2 W ) ] 1 / 2 , (1) 

where E0 is the ampl i tude of the rf-field and co is 
the angular frequency of the wave. Moreover , it is 
assumed that the efficiency h of inelastic processes 
(defined in [6]) is linearly dependent on the amoun t 
of electron energy which is in excess of the ex-
citation threshold h = 1.2 x 10 - 2 (w/eV— 10.15). For 
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high energies (u > 25 eV) this assumpt ion leads to 
an overest imation of inelastic energy losses. On the 
other hand, the assumpt ion of constant v fails to be 
valid for u < 5 eV. There fo re the electron dis tr ibu-
tion function in the range u < 5 eV is set to the 
constant value f ( u = 5 eV) before dividing all values 
of f ( u ) by a sui table normal izat ion factor. This 
t reatment is just i f ied as long as the d is t r ibut ion 
function is only used for the calculation of the 
average of a quant i ty which vanishes at low elec-
tron energies. The mean inelastic rates and the 
mean electron energy are given by the expressions 

cc 
hn = N j V2u/meQ-unf(u)du, (2) 

" i . n 

OC 

ii = j uf(u) d*/, (3) 
o 

where N is the ground state density of the neutrals; 
Q-un denotes the cross section for ionizat ion or 
excitation f rom the ground state; the threshold 
energy of each process is denoted by ui n (n being 
the principal q u a n t u m n u m b e r of the excited level). 
Analytical expressions for Q-un may be found in [7], 
Though the n u m b e r density of electrons having 
energies above the excitation threshold is strongly 
influenced by variat ion of Et/p, the mean electron 
energy ü is not very sensitive to a change of 
this parameter . Actually, for EJp in the range 
3 0 - 6 5 V m " 1 P a - 1 , the mean electron energy varies 
only in the range 5 - 7 eV. The problem of r f -power 
dissipation itself is tackled by setting up a power 
balance equat ion for the stat ionary state. Fo r an 
average electron having the energy ü the fol lowing 
relation is obta ined: 

VUC= VJI/J + X ^ UN 
n 

+ {2mJM)vü + ü/tdm + ü/fhcat; (4) 

me is the electron mass, M the mass of a neutra l ; 
uc = (e2 E2/me)/v2 is the mean energy gain of a 
plasma electron between every two collisions. F h e 
right side of (4) describes the energy loss: (i) by 
ionization and excitation f rom the ground state, 
(ii) by elastic collisions with neutrals, and (iii) by 
convection and heat conduction. The latter processes 
are characterized by the loss rates /diff and /heat-
After the rf-pulse has been switched on, it takes the 
t ime of the order of magn i tude r = z7/(wcv) until a 
stationary state according (4) forms. But in the 

Table 1. Parameter c occurring in the approximation vinel = 
v.+ cv4 as a function of the reduced effective field strength 
K'p-

- ^ / ( V m " Pa1) 37.6 45.1 6 0.2 75.2 

c 29.7 2 7.6 26.7 26.0 

weakly ionized plasma a quasi-s tat ionary state is 
also possible, which is de termined by the balance 
between the energy gain in the rf-field and the 
losses by inelastic collisions. Approximate ly , the 
first two terms in (4) may be expressed by uxvm e i , 
where vmei = v2 + v3 + v4 + v; and ux = 11.6 eV. For 
later use, vinei is written in the form vj + cv 4 ; c is 
de termined with the help of calculated dis t r ibut ion 
functions; it is only weakly dependent on EJp (see 
Fab le 1). Supposing a corona model is valid, the 
following relation between v4 and the intensity / of 
the line H/? is obtained: 

3 

v4 = [4 n (I/L)/(neh v42A42)] Y,A4k, (5) 
k = 1 

where A4k is Einstein's coefficient for spontaneous 
emission. hv42 is the photon energy for the transi-
tion n = 4 n = 2, and ne is the electron density. 
I/L is the total emission coefficient of the line, L 
being the depth of the emitt ing p lasma layer. The 
value of v; is given by the increment of the electron 
density at constant ii: 

n t = Wg exp (v; /); (6) 

here, n°e is the electron density at the begin of the rf-
pulse. As will be shown later on, this work refers to 
conditions under which the transi t ion to the quasi-
stationary state just mentioned is observed ca. 0.4 ps 
af ter the begin of the rf-pulse. The influence of a 
magnetic field orientated parallel with the rf-field is 
properly taken into account by an increase of the 
radial scaling lengths for d i f fus ion and heat conduc-
tion. which corresponds to an increase of the energy 
conf inement t ime scales rdiff and /h e a t . For the 
purpose of a quanti tat ive t reatment , suitable expres-
sions are available f rom transport theory. 

IE Experiment 

X-band microwave pulses (co/2n = 9.4 GHz; pulse 
dura t ion: 0 . 5 - 0 . 7 ps) were launched into a hydro-
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gen target plasma. The latter was generated by S-
band microwave pulses in a spatially separated part 
of the discharge tube (co/2n = 2.4 GHz. pulse dura-
tion: 500 ps). Both microwave pulses were overlapp-
ing in time. A magnet ic field (B = 0.087 T) was set 
up in a parallel direction either with the axis of the 
discharge tube and with the electric field of the 
X-band wave. By this magnet ic field, the ECR con-
dit ion for the S-band microwaves was fulfilled. 
A detailed description of the whole device was 
given in previous papers (Böhm [8], Böhm and 
Himmel [9]). With regard to the low filling pressure 
( 0 . 4 - 1 . 0 Pa), a comparat ively high electron density 
( 1 . 2 - 1.8 x 1018 m - 3 ) exceeding the cut-off density 
of X-band waves was obta ined. For this reason, the 
resonant enhancement of the TEi 0 -mode between 
the metallic end reflector of the X-band waveguide 
and the overdense plasma column could be main-
tained nearly dur ing the whole X-band pulse. 
Postionization of the neutral background during the 
X-band pulse was reduced to a tolerable level so it 
did not lead to a fast de tuning of the resonator as 
observed previously. The reproducibil i ty of the 
S-band discharge was considerably improved by the 
hf-preionization; the latter was periodically switched 
off in the t ime of X-band activation in order to 
prevent hf- interference in the electronic devices 
dur ing the measurements . For the high repetit ion 
rate of the S-band pulses (100 Hz) and for the 
operat ion of the hf-discharge between them, the 
filling gas was supposed to be completely dissociated. 
This assumption was conf i rmed by the emission 
spectrum in the range 2 7 0 - 5 0 0 nm. The level of 
molecular background radia t ion never reached the 
intensity of the Balmer line H M which was the last 
detectable m e m b e r of the Balmer series. Figure 1 
shows the optical set-up used for the measurement 
of line intensities. The optical path was orientated 
at right angles to the X-band waveguide and to the 
electric field of the X-band wave. The radiat ion 
emitted f rom the cut-off layer of the plasma left the 
waveguide through an aper ture of 4 mm diameter 
and then was led to the input slit of a spectrometer. 
By moving the output slit along the focal plane, 
a spectral range of 0.7 nm could be scanned. The 
outgoing radiat ion was detected by a photomult i -
plier (EMI 6256 S). Subsequently, the single photon 
pulses were given to a fourfold fan-out unit and 
counted in four different channels A - D . All counters 
were supplied with gate pulses of equal length. But 

P M 1 

S R 

Fig. 1. Optical set-up: PC plasma column, W G X-band 
waveguide. MR metallic end reflector. M mirror, TR tung-
sten ribbon, L lense, FC fiber cable, G grating, PM photo-
multiplier. PC photon counter. IF interface unit, P printer, 
BC box-car integrator. R recorder. SR screened room. 

the opening per iods of the channels A and B were 
t ime delayed by 0 . 5 - 0 . 7 ps one in respect to the 
other and the same delay t ime was chosen between 
the channels B and C and between C and D. In 
channel A the photon events just before the X-band 
pulse were gathered, channel B was coincident with 
the microwave pulse, and the light emit ted af ter the 
rf-pulse was measured in the channels C and D. 
After a preselected t ime, the contents of all counters 
were printed out. Dur ing the measurements , the exit 
slit of the spectrometer was tuned continuously over 
the profi le of the spectral line H^. Typically a 
spectral range of 2.5 pm was scanned within the 
period of one measur ing cycle. By insertion of a 
mirror in front of the entrance slit, the light emit ted 
f rom the same plasma volume was given to another 
photomul t ip l ie r (RCA 1P21). Its ou tpu t was con-
nected with a box-car integrator which measured 
the transient behav iour of the p lasma light dur ing 
and af ter the X-band pulse. The resonant enhance-
ment of the X-band wave between the plasma 
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column and the metallic end reflector could be 
probed by a small antenna inside the cavity. The 
antenna signal was measured by a diode detector 
which was operated in the square-law regime. The 
total rf-power reflected by the plasma resonator was 
controlled with the help of a directional coupler 
connected with another square-law diode detector. 
Near the opening where the plasma column left the 
waveguide, an 8 mm-microwave interferometer was 
installed. A suitable choice of the initial inter-
ferometer phase provided nearly linear response 
and max imum sensitivity for measuring the line-
averaged electron density. The variation Au of the 
mean electron energy was controlled by means of a 
diamagnet ic loop. The coefficient of self- inductance 
of this device amounted to 2.1 pH. For the evalua-
tion of Aü, the induced potential was processed in 
two different ways: (i) the voltage across an outer 
resistance of 46 Q was t ime integrated; (ii) the 
current carried against the internal resistance of the 
short-circuited loop was used as a direct measure of 
Ail. For periods as short as the X-band pulse width 
and for small variations of the electron density 
during the pulse, both methods delivered consistent 
results. Table 2 gives a summary of the most im-
portant experimental parameters in compar i son 
with the work of Cot t ingham and Buchsbaum [2], It 
should be noted that in the latter work the electric 
rf-field was orientated perpendicular to the axis of 
the discharge tube whereas it was parallel in our 
case. 

Table 2. Comparison of the experimental parameters of 
this work with [2], 

III. Experimental Results 

The Figs. 2 and 3 present the t ime characteristics 
of various signals picked up during and af ter the 
X-band pulse and smoothed by means of a box-car 
integrator. The resonant state manifested itself by 
the response of the antenna inside the cavity while 
the reflected power produced a signal pattern which 
was almost complementary to that coming f rom the 
plasma resonator. Within experimental accuracy, 
the onset of increased light emission f rom different 
sections of the discharge tube, inside and outside 
the resonator cavity, was s imultaneous; it happened 
before the electron density increased considerably. 
Looking for an explanation, any coupled effect of 
p lasma interaction with S-band and X-band micro-
waves could be excluded. For a check, the X-band 

j V RESONATOR 
J ANTENNA 

Fig. 2. Time characteristics of the plasma light and of the 
line-averaged electron density during the X-band pulse 
( / i g = 2.1 X 105 V/m. = 0.5 Pa, n® = 1.4 x 1018 n r 3 ) . 

Cott ingh. , Buchsb . our e xpe r imen t 
ne / 10'8m"3 < 0.05 1.2-1.8 
f i l l i ng 
p ressu re pH / Pa 130 - 1300 0.4 -1.0 
E f l /105 V/m 0.2-1 .2 1 .4 -3 .1 
f / GHz 3.02 9.4 
pu lse 
du r a t i o n / JJS 1 - 2 0 .5 -0 .7 
d i s c h a r g e tube 
d iame te r / mm 10 22 
wavegu ide 
d imens ions / mm 7 2 x 3 4 2 9 x 7 0 
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M 0 7 n s u 

Fig. 3. Comparison of the time characteristics of the 
plasma light during the X-band pulse with the transients of 
the mean electron energy and of the line-averaged elec-
tron density ( l / M = 2.2 x 105 V/m, pu = 0.6 Pa. /tf = 
1 . 6 X 1 0 1 8 I T T 3 ) . 

0.25 0.50 0.75 
Pa 

Fig. 4. Decay rate Z of the plasma light as a function of 
the filling pressure pHn. 

pulse was tr iggered in the early afterglow phase, 
i.e. 3 - 1 0 p s a f t e r the end of the S-band pulse, 
without any alterat ion of the features given in 
Figure 2. F rom these findings it was concluded that 
heat conducting or /and another mechanism of fast 
energy transport parallel to the magnetic field pre-
vented steep axial gradients of the mean electron 
energy transport parallel with the magnetic field 
prevented steep axial gradients of the mean electron 
tion to the quasi-stat ionary state mentioned in 
Sect. I appeared whereas the lapse of the X-band 
pulse was followed by a relatively slow decrease of 
light intensity. As shown in Fig. 4, the decay rates 
depended linearly on the filling pressure which sup-
ported the assumpt ion of negligible diffusion and 
heat conduction in this state. The t ime character-
istics of the d iamagnet ic current reflected the 
transient behav iour of the mean electron energy. In 
the records (see Fig. 3), the onset of inelastic losses 
was clearly marked . As an upper limit a mean elec-
tron energy of lOeV was obtained from the peak 
value of the d iamagnet ic signal. This result was 
used for an est imate of the quanti t ies /diff and /hea t 

occurring in the power balance equation (4). In a 
direction parallel with the magnetic field (which also 
means parallel with the discharge tube) we obtained 
/ d i f f ~ 2 . 5 p s and / h e a t ~ 3 . 5 p s . These estimates were 
based on a characterist ic d i f fus ion length of 7 cm 
which equaled the length of the discharge exposed 
to X-band waves, and on a characteristic heat con-
duction length of 50 cm corresponding to half the 
total length of the discharge tube. In a direction 
perpendicular to the magnetic field, we obtained 
/diff ^ 550 ps and rheat ~ 350 ps. In comparison with 
the observed decay t ime of the mean electron 
energy, these t imes were considerably larger, which 
again argued in support of neglecting heat conduc-
tion and d i f fus ion in (4). Dur ing the X-band pulse 
the electron density did not increase more than 
15 -20% of its initial value. By this increase, how-
ever, the cut-off situation became more critical. 
Accordingly, the degree of coupling between the 
resonator cavity and the transmission line deterior-
ated substantially. In consequence of this, the rf-
power density inside the cavity was strongly re-
duced towards the end of the X-band pulse, where-
as the amount of reflected power increased. As to 
the observed transit ion to a quasi-stationary state, 
fu r ther in format ion about electron energies was 
expected f rom a Boltzmann plot presenting the 
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density of bound electrons in an excited a tomic state 
as a function of the binding energy (see Figure 5). 
Supposing a partial LTE by the way of a trial, an 
electron " t empera tu re" of 0.2 eV was evaluated 
from the slope of the straight lines in the d iagram. 
The large discrepancy between this value and the 
mean electron energy measured perpendicu la r to 
the magnetic field by means of the d iamagne t ic 
loop revealed a pronounced non-maxwellian char-
acter of the electron energy distr ibution. It was 
strongly suggested that the latter consisted of a low 
energy bulk de termining the slope of the Boltzmann 
plot and a tail being the cause of large d iamagne t ic 
currents. This view was conf i rmed by the slow 
decay of the plasma light a f te r the microwave pulse, 
which was traced back to the gradual decelerat ion 
of fast electrons. F igure 6 shows the b roaden ing of 
the \\ß line. The measurements were pe r fo rmed in 
channel B which was a t t r ibuted to the t ime dur ing 
which the rf-pulse was switched on, whereas the 
unperturbed line profiles in Fig. 6 were measured in 
the channels A, C, and D which were activated 
before and af ter the pulse. Actually, Blochinzew's 
theory [10] of the ac Stark effect predicted sym-
metrical line splittings. These splittings, however, 
could not be resolved because each componen t of a 
splitting pattern was influenced by Dopp le r and 
appara tus broadening, by fine structure and Zee-

Fig. 5. Boltzmann plot: population density nn in the ex-
cited state n (statistical weight gn) with the X-band pulse 
switched on (open circles) and switched off (full circles) 
versus AE = u{ — un \ the slope of the linear portion of the 
curves yields the respective electron "temperature" 
(] /5J= 1.8 x 105 V/m,/?H2 = 0.5 Pa). 
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190 i-

0 12 2L 36 AX 
2.5 pm 

Fig. 6. Transient behaviour of the H/y line profile (A 486 nm) 
at yTJ = 2.0 x 105 V / m (pHj = 0.7 Pa, = 1.3 x 1018 m~3). 

man splitting, and also by a slight Stark broadening 
which was produced by the plasma microfield. All 
these effects were properly taken into account by 
adjust ing the width of each component to the 
width of the unper turbed line profi le as it was ob-
tained e.g. f rom measurements in channel D. For 
various rf-field strengths a whole set of line profi les 
was calculated f rom which the following relation 
between the line width A/. ( F W H M in units of pm) 
and the electric field ampl i tude E0 (in units of 
105 V/m) was der ived: 

A/. = 7.70 E0 + 3.88 EL + <5A . (7) 

Here, <5A is the width ( F W H M ) in pm of the un-
per turbed line. For a compar ison with measured 
line widths, each of the quanti t ies E0, EQ, and AX in 
(7) had to be replaced by its weighted t ime average. 

C H A N N E L A 

1 H U . I H . M . 

C H A N N E L B 

* *«»»»» 

C H A N N E L C / . 

C H A N N E L D 



1226 G. Himmel and M. Osterhold • Microwave Absorption in a Plasma Resonator 1226 

The weighting funct ion was taken f rom the t ime 
characteristics of the plasma light dur ing the X-
band pulse. The relation between the weighted t ime 
average (£"o) and ( £ 5 ) was deduced f rom the t ime 
resolved detector signals associated with the rf-
power densities inside the resonator cavity. Multi-
plication of the weighted t ime average ( £ 0 ) with a 
conversion factor near 1 yielded the not weighted 
t ime average E5 which was required for the calcula-
tion of E l with the help of (1). In the following the 
notation Ee explicitly refers to the quanti ty (E])w2. 
Typically, the rf-electric field amplitudes determined 
f rom the ac Stark effect were in the range 1 .4-3 .1 
x 10 5 V/m. In this range the accuracy of evaluation 
was limited to ca. ± 5%. 

IV. Conclusion and Summary 

The excitation rate V4 - in Fig. 7 it is divided by 
the pressure p of the a tomic gas at a tempera ture of 
273 K. and plotted versus the reduced effective field 
strength E j p - was determined from (5) by mea-
suring the total intensity of the line \ \ß in the quasi-
stationary state and compar ing its value — minus 
the initial value before the microwave pulse - with 
the amount of radia t ion emitted from a tungsten 
r ibbon. The latter was used as a secondary radiat ion 
standard. For E j p in the range 3 0 - 5 5 Vm" 1 P a - 1 , 
the experimental rates were slightly higher than the 
rates calculated f rom (2). These deviations which 
were more pronounced at higher electric field 
strengths indicated that the calculated contr ibution 
of fast electrons was underest imated to some extent. 
A similar conclusion was drawn f rom the reduced 
ionization rate xjp plotted against Ejp in Figure 8. 
In contrast to the fo rmer case, however, the dis-
crepancies between experimental and theoretical 
values tended to become smaller at higher values of 
Ejp. The experimental de terminat ion of Vj was 
based on the relation Vj = d ln n j d t (cf. (6)) where 
the temporal derivat ive of ln ne referred to a t ime 
near to the end of the X-band pulse. For the total 
rate of inelastic collisions the approximat ion Vjnei = 
vj + cv4 (with c f rom Table 1) was used. The re-
duced rate vinel//? - depicted in Fig. 9 as a function 
of Ejp - was compared with the expression 
Vinei//7 = WCV/(M.v/7) which followed f rom the power 
balance (4). neglecting d i f fus ion and heat conduc-
tion. In the considered range of Ejp satisfactory 
agreement was found which implied that the choice 

of binary collision f requencies v in (1) was reason-
able: i.e. that there was no need to incorporate 
scattering f rom turbulent charge density f luctua-
tions into (1). In other cases (e.g. see [11]), this col-
lective effect was associated with an effective col-
lision f requency being much enlarged in comparison 
with v. F rom the angle of p lasma diagnostics, the 
proport ional i ty vine| ~ u c ~ £5 is worth emphasizing. 
Provided the rat io iViWi is only weakly dependent 
on Ejp. a correlat ion between the total line in-

10 s1 Pd 

Vm' Pci1 

Fig. 7. Reduced excitation rate vjp according to (5) as a 
function of Ee/p in comparison with the theoretical curve 
according to (2) (solid line). 

Vm1 Pcf 
Fig. 8. Reduced ionization rate \\/p according to (6) as a 
function of Ejp in comparison with the theoretical curve 
according to (2) (solid line). 
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V m e l / p 

1 0 6 s 1 P d 1 

4 5 -

3.0-

1.5 -

25.0 375 50.0 62.5 Ee /p 
Vm1 Pd1 

Fig. 9. Reduced total inelastic rate vine,//? versus EJp 
compared with the expression \ \/p = ucv/(uxp) resulting 
from the power balance equation (solid line). 

tensity of Hp and the dissipated r f -power is estab-
lished by addit ional use of (5). Under circumstances 
being incompat ible with the use of material probes, 
a suitable evaluat ion of measured H^ line intensities 
may be considered as an alternative way to get some 
knowledge of the spatial dis t r ibut ion of the rf-
power applied to the plasma. An example of such a 
case is given in [11]. In absence of diffusion and 

heat conduction, the power balance is governed by a 
more or less pronounced tail of fast electrons in-the 
energy distr ibution, depending on the value of EJp. 
The relaxation of the per turbed energy distr ibut ion 
— after the electric field has been switched off — 
was calculated in detail by Wilhelm and Winkler 
[12]. According to [12], a fast decay of the non-max-
wellian tail and its concentrat ion at energies some-
what higher than the ionization limit is followed by 
a comparatively slow decrease of energies to values 
near the excitation threshold. The t ime scale of 
relaxation is in accordance with the t ime dura t ion 
of 1 - 2 ps which was measured f rom the end of the 
X-band pulse up to the t ime when the plasma light 
had decayed to 10% of its m a x i m u m value. But a 
more detailed discussion of our experimental results 
with the help of [12] is quest ionable because the 
model refers to dc-electric fields and to a neutral 
background consisting of molecular hydrogen. 
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