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Free electrons produced by ~t- and  fl-partlcles m a liquid a rgon  ionizat ion chamber  have been detected. For  m l m m u m  ionizing 
particles the collected charge saturates  at a field s t rength o f  E ~  15 kV/cm (95 =t= 4)% o f  the produced electrons were collected. 
For  s t rongly ionizing ~-partlcles no s a t u r a t mn  was observed up to a field s trength o f  40 kV/cm,  where (25 4- 3)% of  the produced 
electrons were detected. The  influence o f  oxygen and  mtrogen,  solved m the liquid argon,  on the charge collectmn was studied. 
A n o n h n e a r  relat ionship between the m e a n  free pa th  length for absorpt ion  and  the applied electric field indicates the existence 
o f  hot  electrons in hquld  argon.  The  recombinat ion  effect in the mmzat~on co lumn  produced by a -pamcles  is enhanced  by 
oxygen and mt rogen  lmpurit~es m h q m d  argon.  

1. Introduction 

Shower counters are of increasing importance for the 
identification and energy determination of elementary 
particles 1). Iron-scintillator respectively lead-scin- 
tillator sandwich counters represent the classical ver- 
szon of this detector2). Following a proposal of Willis 3) 
liquid argon has been used as the detector material 
sandwiched between metallic electrodes, where the 
charge produced by the ionizing shower in the liquid 
is collected3-6). Compared to other sampling detectors 
the liqmd argon chamber has several important 
advantages: simple and reliable absolute calibration 
with a test pulser is possible, the detector shows good 
homogeneity over the whole volume, different kinds 
o1" particles of the same energy have approximately the 
same pulse height and it is feasible to study the details 
of the shower development in lateral l°) and longitu- 
dinal direction7). 

For a quantitative interpretation of the data collected 
with a liquid argon sampling shower counter a quan- 
titative understanding of the recombination effects of 
the Ar+-ions and the free electrons, produced by the 
shower particles, is necessary4'S). Moreover the 
influence of oxygen and nitrogen impurities on the 
charge collection efficiency has to be known, if one 
wants to build a detector lay-out which guarantees 
stable working conditions. 

In this paper we report on measurements performed 
with an a-source and a fl-source in a single cell liquid 
argon ionization chamber. The experiment aimed to 
collect information relevant in the context of questions 
mentioned above. The outline is the following: in 
section 2 we describe the set-up used and discuss the 

calibration procedure. In section 3 the results of  the 
measurements are presented, which are discussed and 
compared to other experiments in section 4. 

2. Apparatus 

The ionization chamber for the detection of fl- 
particles 9) was installed in a dewar vessel of  35 cm 
diameter and 75 cm height. The dewar was filled with 
liquid argon, which was indirectly cooled by hquid 
nitrogen flowing through a copper plpe placed at the 
top of the vessel. 

Before filling, the dewar was evacuated to a pressure 
of 10 -3 torr and then flushed with clean argon gas. 
This procedure was repeated a few times. Pure liquid 
argon* (PO2 -< 1 ppm, PN 2 _< 4 ppm) was used to fill 
the dewar. In order to increase the concentration of 
oxygen respectively nitrogen impurities m the liquid 
argon by definite amounts, a defined mixture of  pure 
argon gas and oxygen respectively nitrogen was added 
to the gas phase at the top of the dewar vessel. After the 
equilibrium between the gas and the liquid was esta- 
blished, the concentration of the impurities in the gas 
phase was measured using a gas-chromatographt .  
The measurements have been corrected for the different 
concentrations of the impurities in the liquid and in 
the gaseous phase using Henry 's  law"°). 

The ionization chamber, shown in fig. l, consists of  
two 50 #m thick copper electrodes, whose distance D 
could be varied by support rings in the range 2 m m  < 
D < 4  mm. The cathode was connected to a pream- 

* Messer  Gneshe lm,  Ludwlgsburg.  
t AL8,  Tres  Bas Tempera ture .  



plifier. The high voltage applied to the anode could be 
varied between 0 kV and 4 kV. Outside of the ioniza- 
tl0n chamber a 9 ° S r + 9 ° Y  fl-source was placed at a 
distance of 0.5 mm from the anode. The fl-source and 
the anode were dc coupled. A scintillation counter was 
placed 3 mm behind the cathode. This set-up allowed 
to record only charge pulses produced by fl-particles 
which traversed the liquid argon ionization chamber. 
Due to a proper chosen discriminator level for the 
pulse heights of the scintillation counter, only fl- 
particles with an energy greater than 700 keV at the 
end of the ionization chamber were detected. Hence the 
energy loss in the ionization chamber was constant I i) 

dE 
- -  = 1.9 MeV/cm.  (1) 
dx 

The source strength of the fl-source was l0 a decays/ 
(S cm2) ,  therefore polarization effects are negligible in 
the present experiment. 

The pulses of the ionization chamber were amplified, 
shaped and recorded by a multichannel analyzer, which 
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Fig. 1. Experimental set-up to detect fl-partlcles by hquld argon 
lomzatlon chamber. A anode, K cathode o f  the chamber,  C 
sclntzllation detector to detect fl-partlcles, G hght-gulde, S 
fl-source. 
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Fig. 2. Energy spectrum of  ~-particles detected with a hquid argon 
ionization chamber. Sohd line: a-spectrum measured with a sohd 
state detector and folded with the chamber resolution. 

was gated by the scintdlation counter pulse. The typical 
noise contribution to the signal was 0.5 fC fwhm. The 
ionization chamber was calibrated with a pulse gener- 
ator whose pulse shape was adapted carefully to that 
of  the ionization chamber pulses. 

The systematic errors of the detected charges are due 
to calibration errors (_+ 5%) and errors of  the pulse 
height determination, which varied between + 5 %  at 
small pulse heights and _+ 1% at large ones. The 
distance between the electrodes was determined with 
a precision of _+ 5%. 

As sources for strongly iomzing particles or-sources 
o f  2 4 1 A m  and 2 1 ° p o  of 0.3 #C strength have been 
used1°). They were deposited on an area of 3 c m  2, 

hence polarization effects due to Ar + ions are negh- 
glble. The charge pulses have been recorded with a 
multichannel analyzer, no gate signal was available. 
The gap width of the ionization chamber was 1.5 mm 
respectively 2 mm for the two cz-sources. A typical 
or-line is shown m fig. 2. A slight asymmetry is due to 
the finite thickness of the source as proven by the full 
line included into fig. 2, which is derived from the 
energy spectrum of the a-particles, as measured with a 
solid-state detector, folded with the resolution of the 
ionization chamber. The width of the a-line corre- 
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Fig. 3. Charge collected Q as a function of  the electric field E 
between the chamber gaps for a fl-source (curve a) and an 
~t-source (curve b) The full curves are theoretical predictions 
[curve a. eq. (2); curve b eq. (5)]. The concentration of  oxygen 
w a s  Po2~,~  1 ppm. 
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sponds to a charge o f  3500 conduct ion electrons 
(fwhm), while the number  o f  pr imary electrons in the 
ionization column was 2.24 × l05 electrons. 

3. Results 

3.1. COLLECTED CHARGE 

For  applications o f  liquid argon counters the frac- 
tion o f  conduct ion electrons, produced by the pr imary 
particles, which can be detected is o f  u tmost  interest. 
We have measured this number  for the cleanest argon 
available, which had on oxygen contents o f  less than 
1 ppm. For  the fl-source fig. 3a shows the charge col- 
lected as a function o f  the electric field IEI within the 
chamber  gap. The full curve, included into fig. 3a, 
is a fit o f  the theoretical expression ~2) 

l Q = Q O 2 D  l - D ( l - e  -°/z ) (2) 

to the data. Q and Q0 are respectively the detected and 
the maximum available charge, D is the gap width of  
the ionization chamber  and 2 is the mean free path 
length for  the absorpt ion o f  conduction electrons by 
impurities (concentration p) in hquid argon. I f  W is the 
energy to produce an ion pair in liquid argon, the 
following relation holds: 

dE D 
Qo -- e -  - - .  (3) 

dx W 

The mean free path  length 2 is assumed to be propor-  
tional to the electric field IEI of  the chamber  gap 

IEI i 
2 = 40 IEI = ~ - ( 4 )  

P P 

Qo and e are the free parameters in the fit. The results 

TABLE 1 

Maximum detected charge Qo produced by B-particles m an 
ionization chamber with gap width D. The corresponding 
theoretical value Qo. th was calculated from dE/dx = 1.9 MeV/ 
crrt 11) and the energy W = (23.6 4- 0.5) eV 24) necessary to produce 
an ion pair m liquid argon. 

D Qo R = Q o / Q o ,  th 
(nun) (fC) 

2 1.20 4- 0.04 0.93 4- 0.05 
3 1.90 4- 0.03 0.98 4- 0.04 
4 2.43 4-0.10 0.944-0.05 

(R) = 0.954-0.04 

of  the fit are given in table I for different gap widths D. 
The proport ional i ty  between Q0 and D is a consistency 
check for the calibration of  the detector. In average 
Qm,x/Qo = ( 9 5 + 4 ) %  of  the total charge produced by 
the pr imary fl-partlcles is collected. Qmax is the 
maximum detected charge. The systematic error of  
9% is not  included in the error limits given above. 

For  strongly ionizing or-particles the result differs 
appreciably (fig. 3b) f rom that  characteristic for fl- 
particles. Even at a field strength of  IE] = 40 kV/cm no 
saturation is observed. The maximum fraction of  the 
produced conduct ion electrons which could be detected 
was (25 _+ 3)% at a field strength o f  40 kV/cm. Because 
o f  discharges, measurements at higher field strengths 
have not been performed. The full line, included into 
fig. 3b, is a fit of  the expression 

2 2 f  f ~  x/x 
Q = Qo D ( 1 - e  -°/x ) - -  J o  dx ,  (5) 

x/re f . e X +  1 

f = IEI/IEol (6) 

to the data using eq. (4) for the mean free path  length 2. 
The first term in eq. (5) describes the absorption o f  
conduct ion electrons by impurities i 2), while the second 
term was derived by Kramers  i3) to describe the co- 
lumn recombination.  [Eol is the saturation field 
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Fig. 4. Mean free path length ). for absorption of conduction 
electrons produced by a ,B-source as a function of the oxygen 
concentration Po2. 
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strength of the ionization column, which is given by 13) 

IEo l  = --,4x/heN (7) 
b 

(e electric charge, N charge density, b diameter of 
ionization column). [Eo] was determined by the fit to 
be IE01 = (798_+ 5) kV/cm at a gap width of D = 2 ram. 
For a gap width of the ionization chamber of D = 
1.5 mm the saturation field strength leo[ was syste- 
matically lower. No explanation exists for this obser- 
vation. 

3.2. INFLUENCE OF OXYGEN AND NITROGEN 

IMPURITIES ON THE CHARGE COLLECTION 

For the fl-source the mean free path length 2 can be 
determined from the measured charge Q with the help 
of eq. (2) and the results for Qo given in table I. Since 
the ratio Q/Qo depends only weakly on the electric 
field IE] in the plateau region, the mean free path length 
has its largest error for large IE[. At constant electric 
field ]El the mean free path length 2 is proportional 
to p - r  as expected from eq. (4) (fig. 4). For small 
electric field strengths ]E] the linear relationship 

,~ ~ I ~ 1 ,  

expected to hold if the conduction electrons are ther- 
mal, is fulfilled (fig. 5). In this interval we find for the 
proportionality constant of eq. (4) 

= (0.15_+ 0.03) ppm cm (8) 
kV/cm 

For higher field strength IE] ~> 5 . l0 kV/cm the mean 
free path length 2 rises steeper than linear. The devi- 
ation from the linearity eq. (4) seems to start the 
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Fig. 5. Mean free path length for absorption 202 by oxygen 
impurities as a function of  the electrzc field IEI. 

earlier, the lower the concentration of the impurity 
(fig. 5). 

For nitrogen impurities in the liquid argon we ob- 
serve practically no absorption, the mean free path 
length 2N2 for absorption of conduction electrons by 
nitrogen has a lower limit of  

2N2 ~ 200202. (9) 

The uncertainty is mainly due to the effect that small 
concentrations of  oxygen in nitrogen can simulate an 
absorption effect of nitrogen impurities. 

For the s-source expression (5) is not as simple as 
expression (3) for the fl-source. In order not to be biased 
by special assumptions on the recombination effect, 
we have determined 2 from a fit of  

= --~" ( 1 - e  -v°/~ ) , (10) 
q~ Dp 

(Q* charge at a given ]E] extrapolated from P o , >  
10ppm to po = 0 p p m )  to the Q=Q(p) curve at 
constant electric field ]EJ. A typical result is shown in 
fig. 6. The fit is excellent for Po2 > 10 ppm, for smaller 
concentrations Po2 of the oxygen impurities the 
experimental data are larger than the prediction of the 
fit. The results of the analysis are included into fig. 5. 
Within the error limits there is good agreement between 
the results of the s-source with those of  the fl-source. 
For the constant ofeq. (4) we get in case of the a-source 

c~ = (0.14_+0.03) ppm cm (11) 
kV/cm 

Fig. 7 shows the Q = Q(PN2) dependence for nitrogen 

(,. O=2mm 
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- 11=2 kV 

10 2'0 3(] (,-'0 5'0 B'O ppmOz m''- 

Fig. 6. Charge collected as a function of  the oxygen concentration 
Po2.The full line is a fit o f eq .  (10) to the data The conduction 
electrons were produced by an or-source. 
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Fig. 7. Same as fig. 6 but  for mt rogen  impur i ty  concentrat ion 

PNI2. 

impurities. The lower limit eq. (9) for the mean free 
path length 2N2 derived from the experiment using a 
fl-source is in agreement with the measurements using 
an a-source. For pN < 2 5 0 p p m  deviations of the 
measured charges Q from the expected ones are ob- 
served analogue to the measurements with oxygen 
impurities. In the case of the fl-source these deviations 
were not observed, therefore this behaviour seems to 
be characteristic for a-particle ionization columns. 

4. Discussion of the results 

The fraction of charge collected depends strongly on 
the iomzation density produced by the primary par- 
ticles and therefore is different for an a-source com- 
pared to a fl-source (fig. 3). In agreement with the data 
of Marshall 14) for a fl-source in our experiment 
(95_+4)% of the produced conduction electrons are 
collected. For a-particles no saturation effect is ob- 
served in agreement with the observation of previous 
authors 15-17). At the maximum possible field strength 
of 40 kV/cm (25_+ 3%) of the produced electrons are 
detected. This fraction is higher than observed in other 
experiments. The difference can be explained by polar- 
]zation effects, which have been avoided in our measure- 
ment, while they can not be exlcuded in the foregoing 
experiments, where point-sources for a-particles were 
u,;ed. 

The difference between the results for ~- and fl- 
sources is due to the strong recombination effects in the 
ionization column produced by a-particles. Fig. 3b 
shows that the recombination in pure liquid argon is 
quantitatively described by the theory of Kramersa3). 
Using the saturation field strength IE0[ determined m 
the fit and Kramers'  theoretical expression given in 
eq. (7), one gets for the diameter b of the ionization 

column 

b = 5 x l 0 - S c m .  

This result is in good agreement with the value given by 
StaceylS). 

The dependence of the collected charge on the con- 
centratlon p of the solved impurities shows a deviation 
from the expected behaviour for the a-source (figs. 6, 7), 
while for the fl-source the theoretical proportionality 
eq. (4) 

- 1  2,-~p 

holds (fig. 4). This difference demonstrates that the 
impurities influence strongly the recombination effects 
in the ionization column produced by a-particles. 
Indications for this effect have been observed in 
previous experiments 16'17) for oxygen impurities. 
Since the effect is observed already at low field strengths 
]El and for quite different concentrations of oxygen 
(Po2<10ppm) and nitrogen (pN2<250ppm) It is 
probably due to three-body recombination effects 2°) 
and not due to nonthermal conduction electrons1°). 

For small electric fields the mean free path length 2 
for absorption of conduction electrons by impurities 
depends hnearly on the electric field IEI. The value of 
the proportionality constant ~ in expression (4) 
[eqs. (8) and (10)] is in good agreement with the result 
of Miller et al.21). 

For higher electric field strengths ]E] the mean free 
path length 2 increases steeper than predicted by the 
linear relationship (4), which holds, if the conduction 
electrons are thermal. The deviation from the linear 
relationship (4) between 2 and IEI starts at field 
strengths between ]El = 5 kV/cm and 10 kV/cm, depen- 
ding on the concentration of the Impurity (fig. 5). This 
effect can be explained by the existence of nonthermal 
hot electrons at higher field strengths. The result is in 
good agreement with drift velocity measurements 21-23) 
and their theoretical interpretation by Lekner23). He 
predicts the thermalizatlon of hot electrons for im- 
purity concentration of po2~> 10 ppm in good agree- 
ment with the results of the present measurement. 

We are grateful to Mr H. Oettinger and W. Schaaf 
for their help during the construction period. This 
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