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Abstract

The time expansion chamber (TEC), a new type of
drift chamber, allows the measurement of microscopic
details of ionization. The mean drift time interval -
from subsequent single ionization clusters of a rela-
tivistic particle in the TEC can be made large enough
compared to the width of the anode signal to allow the .
recording of the clusters separately. Since single
primary electrons can be detected, the cluster counting
would allow an improved particle separation using the
relativistic rise of primary ilonization. In another
application, very high position accuracy for track de-
tectors or improved energy resolution may be obtained.
Basic ionization phenomena and drift properties can be
measured at the single electron level.

Introduction

It is by now a common observation with multiwire
proportional and drift chambers, that the signal wave-
form changes as a function of the distance between the
particle trajectory and the anode wire. The most pro-
nounced change is observed (for a particle trajectory
perpendicular to the wire plane) when the particle
passes at or very near the anode wire. The rise time
becomes slower since the ionization distributed along
the track arrives at the anode wire in a sequence given
by the drift time. If the detector is operated as a
drift chamber, it was found that the position resolution
for tracks close to the anode degrades. In the early
work on drift chambers*:4s~ this effect has been dis-
cussed in detail. The effect was explained by the
stochastic nature of the ionization in a number of
ionization clusters along the track. The measured
space resolution was found to be in agreement with cal-
culations using the number of clusters obtained with
the "inefficiency method", an independent measurement.
In turn, the effect in the drift chamber has been used
to determine the number of clusters in different gases
and some results are also given in Ref. 4.

If a fast, current-to~voltage amplifier is used,
the anode current is observed showing a structure with
several maxima which is explained by the statistical
fluctuation of the primery ionization (see e.g., Ref. 5).

It has been realized that counting the number of
clusters would greatly improve the high energy particle
ident%fication based on the relativistic rise of energy
1oss.%s/ The reason is that most of the relativistic
rise of energy loss observed in a2 counter is due to the
increase of the number of collisions and o ittle due
to the chanee of energy loss in a single collision which
corresponds here to the amount of ionizatiom in one
cluster. The latter, however, 1s responsible for the
large fluctuations of the energy loss measurement which
makes it difficult to measure the relativistic rise.

Unfortunately, in the anode current signal single
clusters are not well resolved. Each peak of the
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structure is still composed of several clusters, since
the response of the counter to a single cluster is still
too slow (due to low drift velocity of positive ions)
compared to the mean drift distance of the clusters in
an ordinary counter,

The development of the time expansion chamber (TEC)
was initiated by this problem and the solution has been
found by inverting the question: instead of trying to
obtain even shorter anode signals, the approach was to
make the mean drift time distance between clusters large
enough so that they can be distinguished.

Principle of the Time Expansion Chamber

In the TEC, the drift region is well separated from
the amplification region, such that a low field can be

maintained in the drift region while a normally high field

is obtained in the amplification region (Fig. 1). With
the choice of a suitable gas, the drift velocity in the
drift region can be considerably lower than in the ampli-
fication region. 1In this way, the clusters of a track
crossing the chamber approximately parallel to the drift
field arrive at the grid in time intervals larger than in
an ordinary chamber. Since the anode signal has not been
slowed down, a relative time expansion has been achieved.

For best results, a number of parameters have to be
optimized and some constraints on operating conditions
are imposed. These parameters are given in the follow-
ing list:

1. electron attachment in the low field region;
2, diffusion of clusters;

3. dependence of drift velocity on E/p;

4. onumber of clusters produced per cm of gas;

5. sharpness of transition from the low field
region to the high field region.

Most points are related to the choice of gas, geometry,
and the voltages applied.

The attachment has been studied in drift chambers,
with long drift spaces (see e.g., ISIS7’8, TPC9’13). It
has been found that the attachment to electronegative
impurities (probably 07) is correlated to the mean agi-
tation energy of the electrons ¢ such that the attache-
ment coefficient k increases with ¢ decreasing. Since
it is believed that the attachment process needs a
catalyst (e.g., the quenching gas), one would expect the
life time 7 of a free electron drifting in a gas with
an oxygen concentration & and a quencher concentration
Gy to be described by

1

. (1)
kxfzz

This formula suggests that T does not depend on the
drift field once k(e), O; and C.; are given. In other
words, one can operate at low drift velocity and low
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drift field as successfully as in high fields if the
time scale is the same. Free electron life times of
the order of 7 = 100 4s have been achieved for ¢ only
slightly higher than the thermal value in ordinary long
drift distance counters and, therefore, in a TEC the
attachment should be of no particular problem since

the maximum drift time will be of the order of a few
us., Clearly, the correlation between k and ¢ may be
more complex and more work is needed to clarify this
point.

For a constant drift velocity v4,., a mean electron
energy c, the drift field E, and a drift path s, the
diffusion is given by

= & e
=3 g ° - )

This formula suggests a gas giving the smallest possible
e(e ~ 0.037 eV at room temperature) at the highest pos-
sible E., The latter has to be optimized with regard to
the drift velocity obtained., For the qualitative
discussion, it is sufficient to use the Townsend equa-
tion for the drift velocity,

v 8.1

o [emfus] )

pRve

where E in [V/em], p in [Torr], Q the cross section in
[10716¢n?] and ¢ in [ev].

In order to obtain a low drift velocity at not too
small a field, Q has to be large. On the other hand,
at the 5 to 10 times higher field in the detection
region, a considerably higher drift velocity is desired,
which is best obtained by decreasing Q(g¢). Such a
situation is given for gases showing the Ramsauer ef-
fect in the energy région below the minimum. Pure CH,
would be a good choice, but for reasons connected to
the gas amplification this gas did not work satisfac-
torily. Therefore, a mixture of Ar showing a strong
Ramsauer effect and thermalizing molecular gas CHy, +
CHZ(OCH3)2 has been chosen, yet one has to be careful
not to wash out the Ramsauer effect since the total
cross section enters in Eq. (3).

For the first exploitation of the TEC, the gas has
also been chosen such that a good detectable, not too
large a number of clusters/cm is produced. According
to Ref. 4, the density of the quenching gas was kept
small.

The requirements for the grid are easy to fulfill,
Since the field in the detection region is much stronger
than in the drift region, the transparency for electrons
is, by definition, high. In order to avoid uncontrolled
time spread in the grid region due to the modulation of
the field strength, the wire spacing has been chosen to
be of the order of the spatial dimension to be resolved,
i.e., the mean cluster distance of about 0.6 mm. Clearly,
a mesh can be used as well for large chambers where the
narrow wire spacing is impractical because of electro-
static forces.

The gap width of the detection region is smaller
than in usual chambers in order to speed up the anode
signal and reduce the amount and the time of arrival of
the primary ionization released in this gap. This part
of the signal (the first 40 ns) must be suppressed in
our measurements.

Measurements

In order to reproduce anode current signals with
low noise, a common base input stage has been used as
described in Ref. 5, which has been modified to obtain
a better rise time (T = 4 ns). Figure 2(a) shows the
response to soft x-rays from a 5Fe source absorbed in
the detection region. The signal has a remarkably fast
trailing edge and with a slight differentiation a base
width of less than 20 ns can be obtained. This has been
achieved using an anode wire with a diameter of 7 um.
Figure 2(b) shows the same ionization, but for x-rays
absorbed at the far end of the drift region for a high
drift field (0.5 kV/cm). The time scale and sensitivity
are changed oy a factor of two and one half, respectively.
Thus, the integrated signals allow a direct comparison,
indicating within the accuracy of this method, no loss
of ionization during the drift or at the grid. Comparison
of the signals in Fig. 2(a) and Fig. 3(d), the latter
obtained for a much smaller drift field (10 V/cm), still
shows no losses. Remarkable is the decomposition of the
signal into a number of single peaks at low field (Fig.
3(d)). Some of the peaks may be attributed to single
electrons, The successive spread in width of the signals
shown in Fig. 3(a)-(d) is attributed to diffusion and to
the decrease of the drift velocity. With correction for
the change of vy, the diffusion parallel to the electric
field is deducted (Fig. 4). Even at very low drift
fields, the spread of an ionization cluster remains small
compared to the mean distance of subsequent clusters.
The characteristic energy gy = D/M has been calculated
and is shown in Fig. 5 as a function of E/p. For E/p =
0.26, g, is just slightly above the thermal value as
expected for this gas mixture.

Figure 6 shows the response to B-rays from a 905y
source crossing the chamber parallel to the drift field.
The trigger is the signal from a scintillator behind
the detection region selecting minimum ionizing particles.
The sequence of individual signals during 1 Ms is due to
the consecutive arrival of iomization clusters from the
drift region. The signal from the ionization in the
detection region arrives earlier and it is not displayed.

The timing of the last visible cluster has been
used to determine the drift velocity, Figure 7 shows
the result as a function of E/p. For E/p = 0.26 V/cm
Torr, a drift velocity of vgp = 0.95 cm/ids is obtained.
The drift velocity in the saturation region is Vgp ¢a¢=
4,6 cm/Us, giving a time expansion factor of 4.8.

Figure 6(b) shows the same s Fig. 6(a), only the
time scale has been changed. Single clusters are well
separated. The signal from a single electron at this
scale is about 5 mV. This approximate calibration was
obtained from the pulse height of the SFe-peak divided
by the number of electrons assuming an energy of W = 28eV
for formation of one ion pair.

For the counting of single clusters, the output of
the current amplifier has been slightly differentiated
in order to remove the long tail. The number of clusters
registered with an ordinary updating discriminator and
a 100 MHz scaler (resulting dead time Tp = 25 ns) depends
somewhat on the time constant T LE£ The best value out
of three has been used (see Tab?e {). '
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Table 1
T (ns) E(cm-l)
Diff
11 9.3
23 12,2 -
35 8.9

The mean number n of measured clusters per track is

shown in Fig., 8 as a function of the threshold. The
unit is in equivalent electrons calculated using the
pulse height for the ?7Fe-peak as discussed above.

The statistical spread of n has been measured by
recording the frequency of the occurrence for a certain
n in single events for the lowest threshold (Fig. 9).

Discussion

Figure 8 shows the integral size distribution of
clusters, i.e., the number of clusters greater than a
given size 7. This measurement, being the first of its
kind, is compared to a simple theoretical model (solid
line). For cluster sizes, 1 < 1 eleccron, the number
is expected to be constant, d_ = 18 cm'l, interpolating
independent measurements (Ref. &), Using the simple
Rutherford cross section, the number of single col-
lisions N5, with an energy loss 4E > e, is given by

ax

N,= T %)

with ax = 0.153 1/B2 Z/A px, p the density and x the
length of the absorber. Assuming the size of the
clusters proportional to the energy loss n ~ QAE, one
obtains for the number of clusters greater than 7,

r\>n‘l’] ¢

The comparison to the measurement shows that for low
threshold, the measured value is too small which can be
explained by the dead time loss determined by the single
cluster pulse width and the response of the discrim-
inator. For larger cluster size, the deviation may be
due to saturation effects of the gas gain. The rela-
tively small increase of W for values n < 1 e indicates
that single electrons are detected rather efficiently.

Particle Separation Using the Relativistic Rise

Figure 9 shows the statistical fluctuation of n
measured for single tracks. The solid line represents
a Gaussian with € = 4/ T where 1 = 12.2 is the measured
value. This good agreement allows the extrapolation
towards a large system, as for particle identification,
using the relativistic rise of . Counting the total
number of clusters over a track length of 1.3 m, by
adding the numbers of conveniently smaller subsamples,
yields Etot = 1600 with a variance of 0 = 2.5%. The
difference of N for pions and kaons in the region of
relativistic rise is expected to be only slightly
smaller than for the energy loss. Thus one would ex-
pect a T/K separation of about 6C, a value about twice
as good as obtained measuring the integrated pulse
height (Ref. 10). Clearly, a reduction of the dead
time for cluster counting and an increase of the number
of detected clusters per cm to about m = 30 cm™~, using
a different gas, is within the reach of the present

techniques and would improve the result even further.

Two simple illustrative arguments can be found for
the improvement compared to the pulse height measurement.
The pulse height distribution in the same counter has a
full width at half maximum of 100%, while the distribution
of m gives a full width at half maximum of 67%. Further-
more, in the measurement with a number of cells m, the
rgsz%gtion improves for the pulse height megsurement as
m ¢ , but for the cluster counting as m °° which gives

a factor 1.42 at m = 130.

Low Energy Radiation Measurement

The diffusion and the very large time expansion at
low fields (see e.g., Fig. 3(d)) suggests the use of the
TEC for the detection of low energy radiation (E = 1 keV)
with good energy resolution having the advantage of
higher speed, providing a position resolution and large
surface as compared to semiconductor detectors,

A radiation (x-rays, electrons) with an energy of '
about 1 keV releases ca 30 single electrons which may be
detected and counted individually in the TEC. With a
Fano factor F = 0.2, an energy resolution of 19% FWHM
could be expected since the statistical fluctuation of
the proportional gas gain is eliminated.

The systematic study of Fano factors in gases is
possible., If theoretical values F < 0.1 and W =~ 20 eV
can be verified (Penning mixtures), resolutions of 10%
FWHM should be possible for 1 keV radiation.

Position Resolution

Briefly, the possibility of improved position
resolution should be mentioned (Track B, Fig. 1). The
analysis of the ultimate position resolution obtained
in drift chambers (Ref. 4) indicates three obstacles
for further improvement:

1. statistical fluctuation of primary
ionization;

2, diffusion;
3. 1limited speed of anode signal.

The third point is easily improved by the TEC since the
speed of the anode signal remains the same but the drift
time scale is expanded. Points 1 and 2 normally can be
improved by providing a denser ionization, which is for
minimum ionizing particles only possible by increasing
the gas density, which has practical limits. Increasing
the amount of ionization by increasing the gap thickness
and measuring an appropriate mean of the leading edge
of the anode signal gives no improvement, since only the
first cluster arriving at the anode has a definite geo-
metrical meaning which is the shortest distance between
the track and the anode. The later arriving clusters
do not contain useful time information because they
don't follow straight field lines and are, due to their
random distribution along the track, also randomly de-
layed. In the TEC, however, this time spread caused by
the radial field around the anode wire is small (&t < 5 ns)
and corresponds, with the small drift velocity v4,., to a
small position error &X, = v c At, Adding the effect
of diffusion AXpy, a position resolution of AX =

[ (varht 2, 46X52

L_QE__%_i__E_ can be reached with n, the number of
detected clusters, Values of AX < 10 Um seem possible.
Neglecting a short and almost constant delay, the grid
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can be considered as a '"virtual amplification plane'.

Conclusion

The TEC represents a new tool suitable for extended
study of the ionization process (8-rays, low energy
electron range, Fano-factor, W-values, etc.) for study
of the drift process (shape of charge distribution
parallel to the drift field, drift velocity at very
low fields).

The TEC provides, also, a new tool for practical

. applications where very high position resolution or

double track resolution is needed. Improved energy
resolution for quanta can be obtained, since the fluc-
tuation of gas gain is absent in the single electron
counting mode and the considerable improvement for mass
determination of relativistic particles is obvious.
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Fig. 2. signals after the current-
to-voltage preamplifier for
S5Fe. Step response rise
time of the preamplifier was
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(a) Quantum absorbed in
detection region.
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Electrode arrangement and principle
of the TEC. Track A for ionization
loss measurement, track B for position
measurement.
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Signals for 55Fe x-rays absorbed at the
far end of the drift region.

(a) E = 200 v/cm (¢) E = 50 v/icm
(b) E = 100 v/em (d) E = 10 v/cm

For (d), the gas gain had been increased.

AX due to diffusion parallel to E.
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