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Abstract 

The scintillation induced by a particles in dense ga

seous argon (above 1 atm) has been studied. The electric field depen

dence of the- scintillation, shows that the second continuum (centred 

around 1270 Â) stems from the neutral as well as from the ionic spe-
. v ; 

cies, initially created by the impinging particle. Intensity decay 

curves and emission spectra of these neutral excitation and ionic com

ponents were determined. Time constants suggest that the recombination 

mechanism is responsible for a deléiyed formation of the second continuum 

states, '^(0+) and 3^iu, 0Û> • ^ k Tv,;,U_ 
The third Icontinuum of the emission spectra, which spreads 

at longer wavelengtjis, from 1600 X to around 2800 .A, is field independent. 
AA /'•/• 
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INTRODUCTION 

The contribution of the columnar electron ion recombi
nation to the luminescence induced by a particles in an argon-nitrogen 
nurture, has been established by Tavendale [" 1] • In more recent works, 
recombination has also been considered to explain the effect of the 
electric field on the scintillation of argon [2,3] and the other rare 
gases T4-6] . Nevertheless a spectroscopic study of what can be named 
"ionic luminescence" for short does not exist. Also a precise study 
of its temporal behaviour is lacking. 

when an ionizing particle passes through a medium it 
spends its energy creating neutral and ionized excited species. An 
a particle interacting with gasecus argon, creates then, on an average, 
2.5 ions per excited state T?j. The electrons and ions (initially ato
mic, but soon transformed into molecular ions) evolve by recombination, 
diffusion through the gas and attachment to the walls (or to impurities) ; 
only those disappearing by recombination would contribute to the lumi
nescence. In the gaseous phase and for low excitation and ionization 
density conditions ((3 particle excitation, for instance) this contri
bution of electron ion recombinations can be neglected because of its 
small value and the too long time scales that are involved. In some 
extend this is also the case in a particle excitation of rare gases at 
pressures up to 1 atmosphere. On the contrary, in the condensed phase 
it has always been assumed [8,9] that the scintillation stems from 
both initial species : excitons (neutral) and electron-hole pairs 
(ionized). This has been proved in recent experiments on liquefied 
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rare gases T10]. 
The present work brings an experimental proof that for 

gaseous argon excited by a particles, its main emission band, the se
cond continuum, also has an excitation and an ionic component, coming 
respectively from the neutral excited atoms and from initial electron-
ion pairs. We used a constant electric field to separate these two com
ponents and then a time resolved study of each one was performed. 

This paper deals mainly with the ionic part of the scin
tillation. By its better knowledge one can get some information on the 
recombination mechanism in an a particle track, and go further into 
the understanding of the structure of that track in dense rare gases. 

EXPERIMENTAL PROCEDURE 

Emission spectra, light intensity and lifetime measure
ments were performed by using the single photoelectron counting method 
r11]. The zero time signal is delivered by a 56 UVP photomultiplier 
tube which detects through a quartz window part of the "third continuum" 
(see fiqure 1). The delayed timing signal comes from a 413 F Intertech
nique tube, which detects single photons at the exit slit of the VUV 
monochromator (Hilger and Watts E 720). In this side all the optical 
components were made of magnesium fluoride, so no wavelength shifter 
has been used. 

The scintillation chamber is made of stainless steel 
and was baked at 120oC, during pumping, for at least 24 hours before 
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filling. Baking temperature vas limited by the use of indium metal 

to seal both optical windows : one made of quartz and the other of 

magnesium Fluoride. Near to this last one and perpendicular to it 

are located two plane electrodes, 7 mm apart,between which the cons

tant electric field is generated, a particles (5.3 MeV) are emitted 
210 in all directions from a Po source mounted on the low potential 

(grounded) electrode. 

RESULTS 

Under a particles excitation, the emission spectrum of 

gaseous argon (above 1 atm), includes the well known second continuum, 
o 

centred around 1270 A (9.76 eV) plus another very wide continuum, dé
fi 

signed hereafter as the third continuum, which extends from 1600 A 
o (7.75 eV) to around 2800 A (4.43 eV), with a well defined structure, 

nearly independent of the pressure. 

When an electric field is present, one gets almost the 
same spectral distribution vith a considerable attenuation of the se
cond continuum intensity, specially for the highest pressures. The 
third continuum remains completely unchanged. A typical example of the 
effect of the electric field on the emission spectra is shown in fi
gure 1. These spectra vere recorded by counting the coincidence events 
between zero and 20 us to get all the scintillation decay with a better 
signal to noise ratio. Nevertheless in these measurements any variation 
en the coincidence count reflects the true change in light intensity, 
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because one of the photomultipliers (the 56 UVP tube) detects only 
field independent scintillation. As we have seen the intensity of 
the third continuum doesn't change when the electric field is applied. 

The attenuation of the second continuum intensity, as 
o 

a function of the electric field strength has been measured at 1270 A 
o 

within a 40 A wavelength band. The ratios, L(E)/L(0), of the lumines
cence intensity under an electric field of strength E, over the inten
sity at zero field are displayed in figure 2. These curves were obtai
ned without time resolution for gas pressures above 3 atm up to 31 atm. 

At each pressure, as the field strength increases, the 
diminution of the luminescence intensity tends asymptotically to a pla
teau, L(sat)/L(0), corresponding to the total charge collection. Limite 
values of the ionic contribution, L^, can then be deduced, by the ratio 
rL(0)-L(sat)][L(0)]~1 = L^Lj+LgjP"1, where L g x is the neutral excita
tion contribution. This relative intensity of the ionic component as 
a function of the gas pressure is shown in figure 3. 

Intensity decay curves of the second continuum emission 
with zero or with a saturating electric field applied, are displayed 
on figures 4 to 6 for three different pressures, respectively 3, 10 
and 31 atm. A third intensity decay curve present in each figure was 
gotten by subtraction, point by point, of the other two decay curves. 
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DISCUSSION 

In gaseous argon excited by a particles, the intensity 
of the second continuum is considerably reduced vhen an electric field 
is applied. This is an experimental evidence that partly this emission 
has an ionic origin. The electric field acts as a quencher of the re
combination mechanism, inhibitting this way the formation of one part 
of the emitting states. 

After the passage of the exciting particle a great num
ber of electrons and ions remain in the medium and in the case of a 
slow a particle, they end up neutralizing each other by a dissociative 
recombination process T12]. The fraction of ions that disappear by re
combination grows as the pressure increases, as it can be seen in figures 
2 and 3- The neutral excited molecules that result from recombination, 
dissociate into one highly excited and one ground state atoms. In ga
seous argon, the dissociative recombination populates essentially the 
atomic 2p levels fl3], which radiate to intermediate excited states 
at very low gas pressures. At high pressures, these levels undergo ra-
diationless relaxation processes T14], that channel the excitation ener
gy to the lowest atomic excited states (]s), At the end they also con
tribute to the population of the emitting states ( £*, £*) . These last 
steps, after the dissociative recombination, are the same which are 
followed by the neutral excited atoms directly created by the exciting 
particles. In other words, ionic species and neutral excited atoms 
created by the impinging particle evolve independently at the beginning 
of their lives, but follow the same steps in the last part of the ra-
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diationless cascades that funnel the energy deposited by the excitation 
to the emitting states (1E*, 3 E * ) . This is clearly demonstrated by the 
coincidence of the spectra of the ionic and the excitation components 
of the second continuum, as it is shown in figure 1. 

The relative intensity of the ionic component of the 
argon scintillation, increases with the gas pressure as it can be seen 
in figure 3. For infinite pressure, its-extrapolated value of c.7 is 

ni very close to the calculated relative number of ions, -— - = -— = 0.71, 
i ex 

initially created [7]. In this ratio n. and n represent, respectively, 
the total number of ionized and of neutral excited states created by 
an exciting particle. From more recent data F 14], a participation of 78 % 
can be expected for the ionic component of the argon scintillation. On 
the other hand our measured value is in good agreement with that of 
0.67 obtained in liquid argon excited by electrons [10] . 

In the gaseous phase Konno and Takabashi T3] obtained 
a quite different variation of the ionic luminescence intensity with 
the gas pressure, and their values are almost one half of ours. This 
last discrepancy can be partially explained by the absence of spectral 
resolution in that work, because, as we have stated before, the electric 
field doesn't affect the third continuum. To verify this point we per
formed one measurement without spectral resolution, at 31 atm (see fi
gure 2), and we found that the attenuation of the luminescence is 
smaller (52 °' instead of 62 %) than when the second continuum alone 
is detected. The remaining differences are not well understood, and 
we think that they cannot be ascribed to different relative» orienta
tions between a particle track and the direction of the electric field, 



8 

used in these two works. 
As to the temporal behaviour, figures 4, 5 and 6 show 

that the excitation, i e x(t), and the ionic components, i^t), are 
quite different. The first one has an intensity decay curve very si
milar to those obtained for the gaseous phase under the excitation 
of 3 particles [15,16]. Luminescence due to recombination, however, 
presents new decay time constants. The shape of the intensity decay 
of the ionic component depends on the gas pressure as a consequence 
of its dependence on the density and on the distribution of the char
ges in the a particle track. 

Like it has been proposed in liquid argon Î17], we 
suppose that the a particle track is formed by two concentric cylin
drical distributions, where positive ions occupy the core and the 
electrons are distributed to a much larger diameter. An electric field 
is thus generated by the two columns which acts on the motion of the 
electrons and, afterwards, on the mutual attraction of the opposite 
charges. According to the strength of this internal electric field we 
have to discuss separately the cases of low pressures (up to 3 atm) 
and of high pressures (above 5 atm). As the gas pressure increases, 
the linear ionization density along the track also increases and the 
electric field between opposite charges becomes stronger. 

At low pressures the positive charge density is so 
small that the shallow potential well due to the positive column can
not retain the secondary electrons, which have enough kinetic energy 
to escape from it. In these conditions there are only a few recombina
tion events, and the luminescence intensity is almost the same with 
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or without an applied electric field. As it can be seen on figures 

3 and 4, the recombination is still unimportant at 3 atm. Thus the 

observed scintillation is mostly that of the excitation component, 

the decay of which can be described as the sum of two exponential 

terms, corresponding to the decay of the lovest singlet, 1E* and 
u' 

triplet, -T u, molecular states : 

i e x(t) = L e x f T 1 T [exp(-t/Tf ) - expf-t/T,)] 

T ' _ . [exp(-t/T ) - exp(-t/T )]} (3) 
'Bz '2 '2 

where L = I i (t)dt, and E/1-R is the ratio between the initial 

singlet statis 's* and the triplet states 3E*. T and T are the de

cay time constants, respectively, of the £"*" and "^states, which 

have, respectively T p and T P as the formation time constants. Ty-
1 2 

pical numerical values of the decay constants T. and T are 3.8 à 0.2 ns 

and 3 us. These values are in good agreement with the results obtained 

with 3 excitation [15,16]. 

Increasing the gas pressure from 3 to 30 at-n, increases 

the charge concentrations and the extraction potential of the electrons 

from the positive column attraction. Thus the fraction of electrons 

which cannot escape is enhanced, and their recombination with the posi

tive ions generates the ionic component, the intensity of which increases 

with the Dressure (figure 3). This is revealed when an external electric 

field is applied, which separates positive ions from electrons, quen-
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ching in this way part of the scintillation - the ionic component. 

Thus at high pressures, and zero field conditions, the scintillation 

alvays has the two components : i^(t) + i e x(t), whereas at saturation 

field conditions only the excitation one is present : ie„(t). 

As the ionic and the excitation components differ only 

in the first stages of their respective formations, we can express 

the ionic component as : 

ii(t) = l ± Ji(t) * i e x(t)/L e x (4) 

where j^(t) gives the temporal evolution of the recombination mecha

nism, in other words, these steps in the formation of the emitting 

states which belong exclusively to the ionic component. Considering 

that positive ions disappear mostly by recombination with electrons, 

and assuming charge neutrality in the whole track, we gave to j^Ct) 

the form : 

J±Ct) - Ê—5 (5) 
1 (1 + Pt) 2 

where 0 = ( n o ) - represents the recombination time. Using time cons

tants T. , T., T. , T„ and the ratio R/1-R measured for the singlet 

and the triplet emissions of the excitation component, we performed 

several numerical calculations of the expression (4) for different 

values of 3. Comparing with experimental curves we got a reasonable 

agreement for the slow part of the intensity decay curve, i^(t), but 

it has been impossible to fit the decay during the first microsecond 

of that curve, specially the hollow that is particularly well seen in 

figure 5 at about 0,5 fis. 
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With this model ve can explain, qualitatively, a de
layed formation of the singlet and the triplet emitting states, this 
last one being responsible for the second maximum observed in the 
intensity decay curves of the ionic component at gas pressures hi
gher than 3 atm (see figures 5 and 6). This suggests that for long 
enough time, after the excitation, ions and electrons neutralize fol
lowing the simple law of volume recombination, vhere the density 
charge, n(t)_, decay in accordance with the equation : 

^ i = -an 2(t) (6) 

where a denotes the recombination coefficient. The solution of this 
equation is : 

where n is the initial ion density, and (an 0) - 1 the so called recom
bination time Tl9]. Comparing the expressions (5) and (7) it is clear 
that '3 is related with the recombination time. This qualitative agree
ment between the experimental and the calculated curves, by the use 
of expressions (4) and (5), indicates that, although starting from 
conditions that are nearer of the columnar ionization [18] (non uni
form distribution of ions and electrons), after some time, the recom
bination evolution approaches a volumic law. The first maximum that 
is present in all i^(t) curves cannot be interpreted in this same 
frame. Soon after the passage of the ionizing particle, the densi
ties of excited and ionized species have their maxima values and 
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conditions for a preferential recombination [20] are fulfilled. The 
temporal behaviour of the ionic component ve have observed suggests 
that the electron ion recombination in the track of an a particle is 
a composit process vhere different types of recombination can occur 
at different stages. More experimental vork, vith different initial 
ionization conditions is needed to understand the recombination me
chanism and the structure of the a particle track in a dense rare 
gas. 

We think that the Jaffe's theory [18] on the columnar re
combination cannot describe correctly the ionization, by heavy char
ged particles, in rare gases because in these materials negative car
riers are electrons and not heavy ions, as in that theory. The track 
model ve assumed is based on this assumption and also on the fact 
that ions and electrons have rather different mobilities. 

CONCLUSION 

The modulation by an electric field, of the a particle 
induced luminescence of gaseous argon shows that ionic species crea
ted by the exciting particle lead to the population of the same dimer 
states ( I +, ^E+) as the excited atoms. In this way the second conti
nuum of the emission spectra is made of two components : the ionic 
and the excitation component, each one having a characteristic time 
dependence of their intensity. The decay of the excitation component 
is given by the lifetimes of the two emitting states, vhereas the de-
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cay of the ionic component is essentially governed by the time de
pendence of the recombination mechanism. This temporal behaviour 
suggests that different types of recombination intervene in the 
charge neutralization process, at different stages. On the other 
hand interactions within excited and (or) ionized states of the 
track should not De excluded. 
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FIGURE CAPTIONS 

Fig. 1 Emission spectra of argon (16 atm, 300 T.) with a 
saturating (•) and without (o) electric field. 

Fig. 2 Relative intensity of the second continuum emission 
versus the electric field strength, E ; the parameter is 
the gas pressure expressed in atmospheres;the isolated tri
angle i corresponds to one measurement at 31 atm, without 
spectral resolution. 

Fig. 3 Relative intensity of the ionic component, L^, of 
the second continuum, as a function of the gaz pressure. 
h is the intensity of the excitation component. 

Fig. 4 Intensity decay curves of the second continuum of 
argon at 3 atm and 300 K : • without electric field ; o 
with E = 140 Vcm . The decay curve (o);i.(t), is obtained 
by the subtraction between the preceding ones. 

Fig. 5 intensity decay curves of the second continuum at 
10 atm and 300 K, for the nanosecond (left part) and the 
microsecond (right part) ranges. Symbols have the same si
gnification as in fig. 4. The electric field E is 280 Vcm . 

Fig. 6 Intensity decay curves of the second continuum at 
30 atm and 300 K, for the nanosecond (left part) and the 
microsecond (right part) ranges. The electric field strength 
is 2000 icn" . Symbols have the same signification as in 
fig. 4. 
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