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of the readout electrodes. The ideal algorithm should also be stable against
different experimental conditions (input energy spectra, electronic noise) and
fast. The analysis procedure described has been tested over the period 1999-
2002 on a variety of data sets, including data from two different balloon
flights, always giving an excellent performance. The time to analyze one
event is ∼0.05 s, which is fast enough to perform data analysis in real time,
thus meeting our requirements.

Here I define three figures of merit to evaluate the performance of the
analysis procedure:

1. its impact on energy resolution and calibration;

2. its impact on position resolution;

3. lowest energy threshold.

Energy resolution
Spectroscopy with LXeGRIT is described in a detailed manner in Sec. 2.2.3;

the energy is derived from the amplitude of the anode signal through the fit-
ting procedure described in Sec. 2.1.8. To study the impact of the off-line
analysis procedure on it, I break down the energy resolution in three pieces

σtot = σLXe ⊕ σel ⊕ σother

where ⊕ means sum in quadrature. σLXe is the intrinsic energy resolution
in LXe for a drift field of 1 kV/cm; it is known to be ∼3.5/

√
E % (4). σel

comes from electronic noise on the anodes, which is independently measured
(Sec. 2.1.5) and does not depend on energy. σother accounts for everything
else than σLXe and σel, therefore including inaccuracies introduced by the
fitting procedure.

As shown in Sec. 2.2.3, the energy dependence of the energy resolution
over the energy range 0.5-4.2 MeV is very well described by

∆E[MeV] (FWHM) =
!

6.7 · 10!3 · E[MeV ] + 3.6 · 10!3

where the term 6.7 · 10!3 · E accounts for σLXe = 3.5% and the energy inde-
pendent term accounts for the electronic noise, ∼60 keV FWHM. Therefore,
σtot is satisfactorily described setting σother ≡ 0 without too much room
for any significant contribution. Moreover, the energy calibration over the
same energy range is perfectly linear, ruling out any undesired dependence
on amplitude. !

FWHM = 8.2%/√E + 6.0%(electronics noise)○

Energy  Resolution

σ =1 / (√816√E) + 1 / √1534○ Q/Qo=1.4% !  for  60,000/MeV
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the higher electron mobility at a given electric field. 

These features are clearly seen in our data. Although 

nearly Gaussian near the peak, both the 24tAm and 

21°po spectra in liquid xenon show a tail on the low 

energy side which, increases with increasing field 

strength. The effect is however less pronounced than in 

liquid argon. Fig. 4 shows the corresponding 241Am 

alpha particle spectra measured by us in liquid argon at 

four different fields. Despite the large electronic noise 

contribution in these data, the distributions are more 

asymmetric and the effect becomes clearly visible at a 

lower electric field than in liquid xenon. 

The field dependence of 241Am charge distributions 

in liquid hydrocarbons and tetramethylsilane [23] shows 

a similar trend. An analysis of these data in terms of 

Jaffe and Kramers models leads to the conclusions that 

neither model fully reproduces the observed change in 

spectral shape with applied field and suggests that other 

effects, such as the production of delta electrons and the 

internal field arising from the different positive and 

negative ion densities must be taken into account. 

To obtain the collected charge and the total energy 

resolution at each field, the measured charge spectra in 

liquid xenon were approximated with a Gaussian distri- 

bution. 

Fig. 5 shows the electric field dependence of the 

collected charge, normalized to the total number of 

electrons liberated in liquid xenon by 5.49 MeV and 

5.31 MeV alpha particles. The results obtained with the 

two sources are in good agreement. The collected charge 

from 5.49 MeV alpha particles in liquid argon is also 

shown for comparison. For the normalization we have 

used W = 15.6 eV and W = 23.6 eV as average energies 

to produce an electron-ion pair in liquid xenon and 

argon, respectively. The characteristic nonsaturation 

feature of the ionization yield of heavily ionizing par- 

ticles in dense media is observed. The fraction of total 

charge collected in liquid argon at a field of 10 kV/cm 

is close to 10% and agrees well with previous measure- 

ments [22,24]. At the same field much less charge is 

collected in liquid xenon. For fields lower than about 3 

kV/cm the situation is reversed. The slope of the curve 

is steeper in liquid xenon, indicating that more charge is 

liberated at a given low field. The different ionization 

densities along the alpha track in the two liquids ex- 

plains the different response observed. 

In general, the ionization track produced by an 

alpha particle in a medium can be visualized as a 

primary track (the "core" part) surrounded by sec- 

ondary tracks produced by delta-rays (the "penumbra" 

part [25]). The density of electron-ion pairs produced is 

highest in the core-part and near the end of delta-rays. 

Recombination in these high charge density regions is a 

much faster process than the separation of electron-ion 

pairs caused by the external electric field. The amount 

of charge observed at high electric fields corresponds 

mostly to electrons liberated from these regions. The 

effective diameter of the alpha ionization track is de- 

termined by the range of delta-rays, which is inversely 

proportional to the density of the liquid. The much 
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higher density of liquid xenon with respect to argon 

implies shorter delta-rays and therefore stronger recom- 

bination. This results in the observed slower increase of 

the collected charge with increasing field strength. The 

same effect explains the different slope of the saturation 

curve measured in liquid xenon and argon with elec- 

trons and gamma-rays [18,26]. 

On the other hand, the low field electron mobility in 

liquid xenon is much larger than in liquid argon. The 

longer mean free path is such that electrons are more 

easily separated from the positive ions in liquid xenon 

at a given low field. This is consistent with the observed 

slope of the curves below 3 kV/cm.  

A graph of the field dependence of the energy reso- 

lution in liquid xenon and argon leads to similar conclu- 

sions. Fig. 6 shows the results from our experiments. 

Only the electronic noise contribution was subtracted 

from the width of the measured charge distributions. 

The 241Am and 21°Po energy resolution in liquid xenon 

agree fairly well. The slightly worse resolution obtained 

with the Z~°Po source can be explained by the presence 

of background from 2°7Bi activity in the chamber. The 

energy resolution of alpha particles in liquid xenon is 

much better than in argon and less field dependent  at 

low electric fields. This is due to the smaller recombina- 

tion rate and dependence on the alpha track emission 

angle in liquid xenon. This is true until recombination 

fluctuations associated with delta-rays start to be domi- 

nant, influencing the resolution at high electric fields. 

4. Conclusions 

The charge distributions of 241Am and 21°po alpha 

particles stopping in liquid xenon were measured as a 

function of applied electric field. The noise subtracted 

energy resolution of 2.5% F W H M  at 5.49 MeV, mea- 

sured at a field of 10.5 k V / c m ,  is dominated by statisti- 

cal fluctuations in the loss of electrons due to recombi- 

nation. The energy resolution is much better than in 

liquid argon and less field dependent  at low electric 

fields. The difference in ionization density distribution 

along the alpha track and in recombinat ion variation 

with track emission angle can explain the different 

ionization response of the two liquids. 
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Figure 2.30: Left: the linearity plot for ADC ch. vs. MeV for both the
1999 (open diamonds) and the 2000 (crosses) setting. The gain in year 2000
was about twice the gain in 1999. Right: energy resolution versus energy,
showing the 1/

√
E dependence expected from Poisson statistic corrected by

a constant term.

10×10×7 cm3 in volume, i.e. still sizeable to fully contain the multiple in-
teractions of a single !-ray but scaled down enough to largely reduce the
pile-up rate. An example of such a procedure, applied to 4-site events from
an 88Y source, is given in Fig. 2.32. In this sample three interactions (a, b,
c) are detected on a single anode while the fourth one (d) is detected on a
di!erent anode. When the four amplitudes are summed up (dotted line) no
energy line is clearly detected; discarding now interaction d and summing up
the amplitudes for a, b and c, a more typical 88Y spectrum is recovered, with
the two lines (0.898 and 1.836 MeV) clearly visible (continuous line).

Wires

The spectroscopic response from the x and y wire planes is shown in Figs. 2.33
and 2.34 for the same 88Y and Am-Be data takes already used in Figs. 2.28
and 2.29. The better energy resolution achieved using the anode amplitudes
is all but too apparent. The energy resolution is degraded by a factor of
∼3, due to the worse signal-to-noise ratio, to the combination of several
wire signals to obtain the energy deposit in a single interaction, to the less

16%(FWHM) at Eγ=0.5MeV
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in the energy peaks. Fig. 3.19-right separately shows the 1-site and the
multi-site energy spectra. The double-escape peak is very prominent
in the 1-site spectrum, while the full energy peak goes almost unde-
tected. The e!ciency for containment is much enhanced in multi-site
spectrum.
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Figure 2.26: Left: 0.511 MeV line from a 22Na source tagged source, 1-
site events. The spectrum has been fitted fitted with a gaussian plus a
second order polynomial to account for the underlying background; the mean
and r.m.s. of the gaussian are shown in the inlet, together with the "E/E
(FWHM). Right: 0.511 MeV and 1.275 MeV lines from a 22Na source source,
2-site events.

Energy resolution and calibration

The starting point for the energy calibration are the energy spectra for 1-site
events and the lines used for calibration are given in Table 2.1. In 1999 2-site
events from 88Y (single escape peak) and Am-Be 2-site and 3-site events have
been used too. Each of the four anodes is independently calibrated. Each
line is fitted with a gaussian plus a second order polynomial to account for
the underlying background and the line position and spread come from the
mean and variance of the gaussian. Several examples of such a procedure are
shown in Figs. 2.26 - 2.28. This procedure could not be applied in the cases of
88Y single escape peak, Am-Be single escape peak and Am-Be Compton edge,
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energy [MeV] source 1999 2000

0.511 22Na yes yes
0.662 137Cs yes no
0.898 88Y yes yes
1.173∗ 60Co no yes
1.275 22Na yes yes

1.325a,∗ 88Y yes no
1.332∗ 60Co no yes
1.465 40K no yes
1.836 88Y yes yes
3.41a,∗ Am-Be yes no
3.92b Am-Be yes no
4.18c,∗ Am-Be yes no
4.43 Am-Be yes no

Table 2.1: Energy lines used for calibration of the LXeTPC in 1999 and 2000.
All the lines are measured as FEP with the exception of: ( a ) single escape
peak; ( b ) double escape peak; ( c ) Compton edge. Lines marked as ( ∗

) have not been used to determine the energy resolution because of limited
statistics (60Co doublet) or because the line profile was not well reproduced
by a gaussian (88Y and Am-Be single escape peaks, Am-Be Compton edge).


