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A study has been made of the characteristics of the luminescence initiated by ionizing radiation in 
gaseous xenon located in an electric field. The mechanism, and also some possibilities for applica
tion of noble-gas electroluminescence, are discussed. 

1. INTRODUCTION 

THE term electro luminescence is used to describe the 
emission of radiation by a material under the influence 
of an electric field. If a noble gas is placed in an elec
tric field, the intensity of the light flashes due to elec
troluminescence initiated by an ionizing particle can be 
considerably greater than the scintillation flashes. 
References to experiments on electroluminescence 
initiated by ionizing particles can be found in the work 
of Braglia et al.[lJ (see also refs. 2-5). However, up 
to the present time there is no clear understanding of 
the mechanism of electroluminescence. 

Askar'yan[sJ proposed that in strong electric fields, 
electron bremsstrahlung can substantially increase the 
amplitude of a scintillation flash initiated by an ionizing 
particle in the gas. We note that the process of radia
tion of light by electrons in scattering by neutral atoms 
is at present not adequately understood. For example, 
in the work of Firsov and Chibisov[ 7J it is shown that, 
at least in the classical theory, in scattering of an 
electron by an atom the radiation of a polarized atom 
exceeds the contribution of the bremsstrahlung light. 
A calculation made by Kas'yanov and Starostin[sJ by the 
diagram method showed the opposite, namely, that the 
contribution of the atom to the radiation is two orders 
of magnitude smaller than the electron bremsstrahlung. 
However, these authors suggest that for electron ener
gies close to the Ramsauer minimum, the contribution 
of atomic dipole radiation may be turn out to be com
parable with the radiation of the free electron. 

Szymanski and Herman[9 J have suggested that elec
troluminescence in strong fields can be explained by 
excitation of the atoms by electron impact. However, 
electroluminescence is observed also in weak electric 
fields, when there are practically no electrons with 
energies above the first excitation level of the gas 
atomY1 In the work of Koch[lo] it is assumed that in 
weak fields electrons are capable of acquiring an en
ergy sufficient for excitation of impurities, since the 
excitation level of the impurity atoms can be much 
lower than that of the main gas. Braglia et al. [lJ as
sume that electroluminescence in weak fields arises 
from the fact that the electrons start from the track of 
an ionizing particle already possessing a large energy 
(several eV), and the conversion of the initial nonsta
tionary electron distribution arising in the track after 
passage of the ionizing particle to a stationary distri
bution is accompanied by acceleration of some elec-
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trons in the electric field to energies sufficient for 
excitation of gas atoms. 

2. EXPERIMENTAL APPARATUS 

The study of noble gas electroluminescence was 
carried out with the equipment described previ
ously.r4•111 The electroluminescence was initiated by 
a particles (energy 5.15 MeV) or by a pulsed x-ray 
beam (pulse duration 300 nsec, average photon energy 
60 keV). A quartz monochromator was used to study 
the luminescence spectrum in the optical region. The 
width of the monochromator slit, while providing suf
ficient light intensity at the photocathode of the FEU-
18A quartz-window photomultiplier used for recording, 
gave an accuracy in wavelength determination of 50 to 
150 A (for wavelengths from 2400 to 5600 A). For the 
spectral measurements the electroluminescence was 
initiated by an x-ray beam from a RUT-60-20-1M 
equipment. 

3. EXPERIMENTAL RESULTS 

1. Intensity of radiation. Figure 1 shows oscillo
grams of the intensity of electroluminescence in xenon, 

FIG. l. Oscillograms of luminescence intensity of xenon in an electric 
field. On the left is the pulse-height scale in relative units, and on the right 
is E/P in V/cm-mm Hg. The xenon pressure is 25 atm. t = 25°C. The lu
minescence was initiated by 5.15-MeV a particles, and the distance be
tween the electrodes is 8.5 mm. 
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due to electrons from an a-particle track. In weak 
fields a long tail of light from electroluminescence is 
drawn out directly after the scintillation flash. It is 
apparent that the intensity of the electroluminescence 
falls rapidly to zero when the electrons reach the 
anode, and consequently the time during which elec
troluminescence is observed is the drift time of the 
electrons in the electric field from the a source, 
which is located at the cathode, to the anode (the range 
of the a particles in the gas is much less than the 
distance between the electrodes). At high electric field 
strengths the electroluminescence intensity consider
ably exceeds that of the scintillation flash (Fig. 1 ). The 
rise time of the electroluminescence intensity de
creases with increasing electric field strength from 
200 nsec at E/p = 1 V/cm-mm Hg to ~30 nsec at 
E/p = 10 V/cm-mm Hg. It is evident from Fig. 1 that 
the motion of the electrons to the anode is character
ized by a constant intensity of electroluminescence. 

2. Dependence of electroluminescence on E/p. The 
parameter E/p characterizes the energy variation of 
a charged particle moving in the gas between two 
collisions and, consequently, completely determines 
the effect of the electric field on processes involving 
the interaction of the charged particles with the gas 
atoms. In noble gases such processes include brems
strahlung by electrons scattered by neutral gas atoms, 
and excitation of atoms by electron impact. If the 
electroluminescence is produced by these processes, 
the light yield of the electroluminescence (per colli
sion) should depend only on E/p.u If interaction of an 
electron occurs with several atoms at once or if the 
interaction of atoms with each other is important, the 
electroluminescence light yield should depend also on 
the density. Figure 2 presents in relative units the 
electroluminescence light yield per collision of the 
electron with a xenon atom, for different gas densi
ties. 

The results shown in Fig. 2 were obtained with a 
particles. The number of electrons pulled out of the 
a-particle track by the electric field was determined 

FIG. 2. Electroluminescence in
tensity A/p (relative units), reduced 
to the same number of electrons, as 
a function of electric field intensity 
E/p (V/cm-mm Hg). The electrolu
minescence was initiated by ex par
ticles in xenon of different densities 
(t = 25°C): 0 - 0.05 g/cm3, 0 -
- 0.125 g/cm3, t::.- 0.21 g/cm3, 
+ - 0.66 g/cm3. 

1lin real gases p represents the pressure which a gas of a given density 
would have it it were an ideal gas. 

2> A certain decrease in the yield of ultraviolet radiation in a weak 
electric field is due to a reduction in the scintillation flash as the result of 
a decrease in the number of electron-ion recombination events in the 
ex-particle track (see ref. II). 

from the amplitude of the ionization pulse. Figure 2 
shows the probability for producing a photon in a 
collision of an electron with a gas atom, as a function 
of the electric field strength. It can be seen from the 
figure that the electroluminescence yield depends only 
on the quantity E/p and does not depend on the density 
p of the xenon, if E/p $ 1 V / cm-mm Hg. On the other 
hand, for E/p > 1 V/cm-mm Hg, as has been shown by 
Szymanski and Herman, £91 the light yield per collision 
depends not only on E/p but also on the gas density. 

3. Electroluminescence spectrum. Figure 3 shows 
the light yield from xenon as a function of the electric 
field intensity. Here the light was detected both with a 
wavelength shifter which transformed the ultraviolet 
radiation into visible light (curve 1 ), and without a 
wavelength shifter (curve 2). It is evident from Fig. 3 

FIG. 3. Xenon luminescence am
plitude A (relative units) as a func
tion of electric field intensity E/p 
(V/cm-mm Hg). The electrolumi
nescence was initiated by a particles in 
xenon (p = 10 atm, t = 25°C). Curve 
!-the entire luminescence spectrum 
is recorded with a wavelength shifter 
(quaterphenyl); curve 2-only the 
visible portion of the spectrum is 
recorded. 
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that for E/p < 1 V/cm-mm Hg the electroluminescence 
light lies mainly in the visible part of the spectrum. 
Since the radiation of xenon lies mainly in the ultra
violet region, the dominance of visible electrolumines
cence for small E/p indicatesthat in this region the 
electroluminescence mechanism cannot involve xenon 
atom excitation by electron impact. On the other hand, 
for E/p ~ 1 V/cm-mm Hg (Fig. 3), the fraction of 
ultraviolet radiation rises rapidly. 2> 

Figure 4 shows the optical portion of the xenon 
electroluminescence spectrum in strong fields 
(E/p :<: 1 V/cm-mm Hg}. The characteristic xenon 
continuum is visible in the region 2000-600 A, which 
is associated with quenching of excited Xet molecules 
(see for example ref. 12 ). This indicates a substantial 
contribution of electron-impact excitation processes 
in strong electric fields. 

4. Effect of impurities on electroluminescence. 
Atomic impurities with low lying excitation levels are 
capable of increasing substantially the electrolumines-

I 
J 

FIG. 4. Xenon electroluminescence spectrum (p = 0.38 g/cm3, t = 25°C) 
for different electric field intensities E. Curve I - E/p = 1.0 V /cm-mm Hg; 
curve 2- E/p = 1.5 V/cm-mm Hg. The ordinate is the electroluminescence 
intensity I in relative units. 
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FIG. 5. Xenon electro luminescence spectrum (p = 0.33 g/cm3 ) in the 
presence of mercury vapor (0.002 mm Hg). Curve 1-E/p = 1.9 V /cm-mm 
Hg; curve 2-E/p = 2.3 V/cm-mm Hg. 

cence light yield in the spectral region coinciding with 
the resonance level of the impurity. 

Figure 5 shows the xenon electroluminescence 
spectrum in the presence of mercury vapor (0.002 
mm Hg). A sharp peak characteristic of the mercury 
resonance line is visible. It is evident that mercury 
atoms effectively intercept the xenon excitation energy. 

Since the excitation level of mercury lies almost a 
factor of two below the first excitation level of xenon, 
in direct excitation of the mercury atom by electron 
impact the mercury line can arise in weak fields in
sufficient for excitation of xenon atoms. However, the 
mercury line, as can be seen from Fig. 5, appears 
only in fields at which the molecular continuum of 
xenon is already very intense, which indicates the 
existence of a mechanism for transferring the energy 
from xenon atoms excited by electron impact to mer
cury atoms. Thus, in weak fields, when there are 
practically no excited xenon atoms (E/p ~ 0.1 
V/cm-mm Hg), electroluminescence cannot be ex
plained by the excitation and quenching of impurity 
atoms. 

Figure 6 illustrates the effect of a molecular im
purity (nitrous oxide) on electroluminescence. The 
drop in light yield can easily be explained by the re
duction of the temperature of the drifting electrons as 

A,rel.un. 

FIG. 6. Xenon electroluminescence intensity A as a function of elec
tric field intensity E in the presence of an impurity (nitrous oxide). 
Curve !-xenon without impurity (p = 3 atm), 2-impurity vapor pres
sure 7.8 X 10-3 mm Hg, 3-impurity vapor pressure 7.8 X 10-2 mm Hg, 
4-impurity vapor pressure 7.8 X 10-1 mm Hg. 

the result of inelastic collisions with impurity mole
cules. In this case the electron energy is dissipated 
as heat, and the electroluminescence light yield de
creases. 

5. Electroluminescence in pulsed electric fields. By 
supplying a pulsed electric field with different delays 
with respect to the time of passage of a 300-nsec 
x-ray pulse through the gas, we established that the 
drop in amplitude of electroluminescence with increas
ing delay time is produced by the decrease in the num
ber of electrons in the chamber volume as the result 
of recombination. (llJ Figure 7 shows the intensity of 
electroluminescence as a function of delay time for a 
high-voltage pulse providing E/p = 0.4 V/cm-mm Hg. 

As can be seen from Fig. 7, electroluminescence in 
a weak electric field is present for pulse delays con
siderably greater than the thermalization time of elec
trons arising in the gas from absorption of the x-ray 
photons (in our case the thermalization time is 
~10 nsec). It follows from this that electrolumines
cence in weak electric fields cannot be due to accelera
tion in the electric field of electrons already possess
ing a high energy, as was suggested by Braglia et al. fll 

4. DISCUSSION OF EXPERIMENTAL RESULTS 

The experiments permit us to establish the following 
properties of electroluminescence: 1) The intensity of 
electroluminescence in a uniform field is proportional 
to the number of drifting electrons; 2) for an estab
lished motion of the electrons the intensity of electro
luminescence is constant (see Fig. 1 and ref. 2); 3) in 
weak electric fields the electroluminescence light lies 
in the visible (and possibly infrared) region of the 
spectrum; 4) in strong fields, mainly untraviolet light 
is emitted; 5) the ultraviolet radiation is emitted, ap
parently, by xenon molecules (see also ref. 2); 6) in 
weak electric fields the electroluminescence intensity 
per collision is proportional to E/p; 7) impurities 
strongly reduce the intensity of electroluminescence 
(Fig. 6), but can increase the relative light yield in 
particular portions of the spectrum (Fig. 5 ). 

The properties enumerated above permit us to draw 
the following conclusions regarding the mechanism of 
electroluminescence. 

The process of noble gas atom excitation by electron 
impact, which is accompanied by emission of ultra
violet radiation, becomes important only in strong 
fields (in xenon for E/p > 1 V/cm-mm Hg). Reso
nance photons emitted by the atoms are captured in the 
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FIG. 7. Electroluminescence intensity A as a function of high-voltage 
pulse delay time td. Xenon density 0.5 g/cm 3 , E/p = 0.4 V/cm-mm Hg; 
the height of the scintillation pulse is taken as unity. 
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gas, and therefore we observe mainly the ultraviolet 
radiation of excited noble gas atoms: 

X* + X + X--+ X2 * +X, 
X2 -+X+ X+ hv. 

This mechanism also explains the dependence of the 
electroluminescence light yield in large fields not 
only on E/p, but also on p. In the presence of an im
purity, energy transfer is possible from excited atoms 
(or molecules) of the main gas to the impurity. For 
low impurity concentrations this process is apparently 
considerably more probable than direct excitation of 
impurity atoms by electron impact (see Section 3, part 
4). 

In weak fields (in xenon for E/p < 1 V/cm-mm Hg) 
almost all of the light arises in elastic scattering of 
electrons by neutral atoms (bremsstrahlung). Only in 
this process can light be produced which lies almost 
entirely in the long-wavelength part of the spectrum. 
On the basis of the formulas developed by Askar'yanC6 l 
it is easy to estimate the number of photons from 
bremsstrahlung of an electron drifting in an electric 
field with a velocity u, emitted in a frequency interval 
t..w per unit path along the field: 

dN I dx ~ (!1w I hw) (e2 I 2c3) (crnv3 I u). (1) 

Here tiw is the average photon energy, v is the elec
tron velocity, e is the electronic charge, a is the 
cross section for scattering of an electron by a gas 
atom, n is the number of gas atoms per unit volume, 
and c is the velocity of light. The same formula (ex
cept for a numerical factor close to unity) can be ob
tained from the results reported in refs. 8 and 13. 
Equation (1) is derived on the assumption that the elec
tron energy is considerably greater than the energy of 
the bremsstrahlung photon, and the frequency of elec
tronic collisions is less than the frequency of the light. 

If we suppose that in xenon at a pressure of 1 atm 
an electric field of about 100 V /em is produced 
(E/p ~ 0.1), then v ~ 108 em/sec, a~ 10-15 cm 2 , and 
u ~ 105 em/sec. In the optical region of frequencies 
(t..w/ w ~ Y2 ) under these conditions we obtain for one 
free electron dN/dx ~ 0.1 photon/em. Here an a 
particle with energy of about 5 MeV in xenon produces 
roughly 2 x 105 electrons which, drifting in the elec
tric field, will produce about 104 bremsstrahlung pho
tons, which exceeds the intensity of the scintilla-
tion. [141 Thus, electron bremsstrahlung is the main 
cause of noble-gas electroluminescence in weak elec
tric fields. 

It is obvious that the properties and mechanism 
presented above for electroluminescence should be 
valid for all noble gases. 

5. SOME APPLICATIONS OF ELECTROLUMINES
CENCE 

Noble-gas electroluminescence initiated by charged 
particles is widely used for detection of ionizing radi
ation. Electroluminescence in very high fields is used 
to detect ionizing particle tracks in track-imaging 
spark chambers. Braglia et al.C 2l have discussed the 
possibility of measuring ionization density in a-parti
cle tracks by means of electroluminescence. Varlamov 

et al. (s] have described the increase of the spectrome
tric capabilities of gaseous scintillators by means of 
electroluminescence in pulsed electric fields. We will 
discuss some other possible applications of electro
luminescence. 

1. Determination of electron drift velocity. The 
drift velocity of electrons in gases of any density is 
easily found from the duration t..t of the electrolumi
nescence, if the electron path z in the electric field is 
known (see Sec. 3, part 1, Fig. 1): 

u = l/ M; 

Z must be chosen so that t.. t >> r, where r is the rise 
time of the electroluminescence intensity. This method 
is suitable for use with high fields, when the electro
luminescence intensity is high. Our measurements of 
electron drift velocity as a function of E/p in dense 
noble gases (up to p =0.5 g/ cm3 ) agree with the known 
data,r 15 l and we will not report them. 

2. Determination of the number of electrons in a 
gas volume. Determination of the number of electrons 
in a gas volume (in relative units) can be easily ac
complished from the intensity of electroluminescence, 
since the latter is proportional to the number of elec
trons. If a pulsed electric field producing electro
luminescence is provided at different times relative to 
the passage of ionizing radiation through the gas, it is 
possible to determine the electron recombination rate 
(see Fig. 7, and also ref. 11 ). 

3. Monitoring of impurity content. As was shown in 
Section 3, electroluminescence depends substantially on 
the impurities in the gas, and consequently can be suc
cessfully used to monitor the gas purity. 

The impurity content can be checked in three ways: 
1) Measurement of electron drift velocity (see part 1 ), 
which is well known to depend on the impurity content 
in the noble gas ;[ 151 2) measurement of electro lumines
cence light intensity (Sec. 3, Fig. 6); 3) measurement of 
the spectral composition of electroluminescence (Sec. 
3, Fig. 5). 

The last method is the most sensitive and can allow 
determination of certain impurities with an accuracy 
of 10-6-10-7 %. 
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