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Streamersin MSGC'sand other gaseous detectors

P. Fontel, V. Peskov2:3, B.D. Ramsey?

1 LIP/Coimbra University and I SEC, Portugal,
2 NASA Marshall Space Flight Center,
3 National Research Council.

ABSTRACT

In this paper we describe the formation and propagation of streamers under different conditions
and in different gas mixtures. We discuss how streamers may limit the operational capabilities of
various gaseous detectors.

1. I ntroduction

Wire chambers, proposed by G. Charpak et al. [1], revolutionized detector development. They
are widely used now in many experiments and have made possible many important discoveriesin
High Energy Physics. A further significant step was made by A. Oed et al. [2], who suggested
replacing the wires by strips on adielectric substrate.

This detector, the MSGC, has many technological advantages. However, it suffers from one
main disadvantage: at gains of about 104 sparking appears and thisis a serious limitation in many
applications. Recent studies have shown that the gain islimited by the appearance of streamers|[3]
and that these streamers have a very narrow self-quenched region (in voltage) and then transit
rapidly to sparks.

Do streamers affect the rate characteristics of MSGC's and other gaseous detectors and can
breakdown in MSGC's be prevented? In this paper we will try to answer these questions.

2. What is known about streamers

2.1 PPAC

Historicaly, the first observations and systematic studies of streamers were donein Parallel-Plate
Avalanche Chambers (PPAC's) [4] and we will summarize here the main conclusions.

At high gainsin gaseous detectors two changes occur in the avalanche dynamics:
1) photons start to contribute to the avalanche development and cause a spread of the
avalanches.
2) the space charge in the avalanche becomes sufficient to disturb the external electric field.

As aresult, photoelectrons created outside the avalanche start to move towards it - Fig. 1. This
may cause a growth of the avalanchein all directions and finally a streamer (athin plasma filament)

isformed. This occurs at some total charge in the avalanche (usually 108 electrons) corresponding
roughly to the charge density at which the space-charge field becomes comparable to the applied
field. This value seems to be an universal one in parallel-plate geometry at pressures close to or
larger than 1 atm and is known as the Ragether limit [4,5].

In any given gas mixture and pressure, streamers seem to propagate only in regions with applied
fieldslarger than some critical value.



Figure 1 - Schematic drawing of streamer development.

Experimental studies [6] show that a streamer in its fina stage has a structure very similar to a
glow discharge. Note that in glow discharges an essential mechanism for sustaining the plasmais
electron emission from the cathode spot and multi-step ionization in a positive column, i.e.
ionization from excited states of atoms and molecules by electron impacts. Some authors [7]
suggested that multi-step ionization also plays an important role in streamer formation. This helps
to explain the propagation of streamers in gases with high concentrations of quencher when the
photon mean free path istoo small for photoel ectrons to get sufficient multiplication.

Figure 2 - Typical current pulse during breakdown in a PPAC [5].

When streamers reach the opposite electrode they may cause a powerful spark. In this case one
observes precursors corresponding to the primary avalanche and then, with some delay, a current
pulse corresponding to the propagation of the streamer and finally to the spark (see Fig. 2).

Many authors attempted to calculate the dynamics of avalanche to spark transition. Although
models of streamer formation and development seem to reproduce well the experimental data[8],
there is no comprehensive theory describing a streamer's transition to a spark when it touches the
electrode [9]. It may be strongly dependent on el ectrode conductivity and surface conditions.

The main advantage of the PPAC is the ability to reach high gains (as was mentioned above the
total charge in the avalanche before breakdown appears is usually about 108), and high rate
capabilities (>10° counts/mm? sec). However, thistotal charge in the avalanche before breakdown
is achievable only at rather low rates. At higher rates, the breakdown gain is usually inversely
proportional to the counting rate. One possible reason for this is that avalanches overlapping in
time and space effectively add their respectiveion charges [5].
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Figure 3 - Current pulse at breakdown in a RPC [11].

2.2 Streamer chambers

Streamer development in PPAC's can be restricted if avery short duration high-voltage pulsed is
applied. This principle was realized in the so called "streamer chambers®, which were actively used
in many experiments [10]. The streamer chamber works in a"waiting" mode. A passing charged
particle produces ionization inside the chamber and also generates a signal in a trigger system
located outside the detector volume. This signal in turn triggers a short (~10 ns) high-voltage
pulse, which initiates streamer development. Since the high-voltage pulse is very short, streamers
are generated very close to the position of the initial ionization and do not produce any sparks.
Such streamers emit enough light to be recorded optically which alows reconstruction of the track.
If alonger duration high-voltage pulse is applied, streamers transit to sparks. This principle is
realized in the so called “spark chambers’ [4].

2.3 RPC

In Resistive Plate Chambers (RPC's) one or both electrodes are made from materials with high
resistivity (usually > 1010 Q cm).

In principle there should be no significant difference in streamer formation and their initial
development between the PPAC and the RPC. Indeed, the same current pulse features were
observed in both the RPC and the PPAC-see Figs. 2 and 3 [5,11,12]. However, the final streamer
stages and especially the power dissipated in the sparks is different. Roughly speaking, the power
dissipated in sparks depends on the effective discharge capacities. In the case of metallic electrodes
aconsiderable part of the charge accumulated in the detector will be discharged through the spark.

In the case of the RPC local charging of the resistive electrode by the spark current renders the
effective capacitance very low. As a consequence, sparks created by streamersin the RPC will be
weak. Thisiswhy in many papers these weak sparks were called "streamers " although they are
not actually real streamers.

Power dissipated in sparks also depends on the gas mixture. For example, in freon mixtures the
electron charge released by a spark could be very small, about 1 pC [13].

For RPC’ s the maximum achievable gain is also inversely proportional to the counting rate, but
this dependence is much steeper than in the case of the PPAC. The primary reason for this
dependence is not the appearance of breakdown due to avalanche overlapping, but smply charging
of the dielectric electrodes of the RPC. The best rate characteristics, so far, were obtained with
Pestov (electronic) glass electrodes [14]. Spatial resolutions achieved with such detectors were
better than 0.1 mm. Note that when metallic readout strips were placed inside the gas gap between
the electrodes the rate capability approached that of the PPAC [15].



2.4 Detectors with anode wires

2.4.a Single wire counter and multiwire chambers

As was described above, in uniform fields streamers are usually unquenched and once started
continue to develop until they touch the opposite electrode.

It was found that streamers also can be formed in detectors with non-uniform fields, for example
in single wire counters and multiwire chambers (MWPC) [16,17]. The main feature of these
streamersisthat they start to propagate perpendicularly to the anode wire, but usually they do not
reach the cathode due to the fast field drop with distance from the anode (see Fig. 4). As a
consequence they do not trigger sparks and are somehow "self quenched”. Note that these

streamers appear only in detectors with rather thick anode wires (>50 pm). In the case of thin

wires, the field drops so fast with distance that at high gains discharges start to propagate along the
wire (the so-called Geiger or limited-Geiger mode) [18].

Self-quenched streamer

Anode wire

Cathode

Figure 4 - Self-quenched streamer in detectors with thick anode wires.

How do these self-quenched streamers reveal themselves experimentally?
When streamers appear one can observe ajump in amplification, as shown in Fig. 5. The other

typical characteristic of streamers is an intense (>10 pA) and short (<50 ns) current pulse. In
some cases streamers can be recorded optically.
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Figure 5 - Total charge in avalanche vs. voltage in wire detectors operating in
proportional and streamer mode [17]



The gas gains at which streamers appear depend not only on the detector geometry, but on the
gas mixture and pressure - see Figs. 6a and 6b. From this figure one can see that there is an
optimum concentration of the quencher at which the gain reaches the highest values.
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Figure 6 a- Total charge in avalanche at which streamers develop in asingle wire
counter for various methane concentrationsin Ar/CH4 mixtures[19]
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Figure 6 b - Total charge in avalanche at which streamers develop in asingle
wire counter for various total pressuresin Ar + 25% iC4H10.

The maximum charge in avalanches at which streamers appear also depends on noble gas: it is
maximum in He and Ne-based mixtures and minimum in Xe-based mixtures (see Fig.7)



In [19] it was claimed that in some pure quenching gases at 1 atm, CHy4 for example, no
streamers develop at al (see Fig. 6a). The sameis also true at low pressures (p<0.3 atm) for most
of the mixtures tested in [19] (see Fig. 6b).
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Figure 7 - Total charge in avalanche at which streamers appear in various noble gases [19].
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2.4.b Streamers in asymmetric wire chambers

Asymmetric wire chambers are the next generation of detectors and were invented to improve the
rate capability of the MWPC [20]. In fact, they have a geometry similar to the MSGC, but the
strips are replaced by wires and there is no substrate. A short distance and strong field between
anodes and cathodes allows fast removal of positive ions.

In asymmetric wire chambers streamers may also occur at total a charge in avalanche larger than
about 2-5x106 electrons [3,21].

3. Streamers in gaseous detectors with substrate

3.1 Streamers in asymmetric wire chamber with substrates

What will happen when we place the wires of the asymmetric wire chamber in direct contact with
adielectric surface? In this case streamers also occur (at atotal charge in avalanche slightly less
than without substrate), but they are unquenched. So the presence of the surface changes the
streamer's development.

Self-quenched streamers are only observed occasionally, at low gains. Note that wires should be
in firm contact with the surface otherwise charging will occur and the gain will drop with time
[22].



3.2 Streamers in uncoated MSGC's

It was discovered recently [3] that in the case of MSGC's the maximum achievable gain is also
limited by streamers, as in asymmetric wire chambers with substrates. A typical waveform of the
current pulse of astreamer in aMSGC is presented in Fig. 8. Usually the streamer current pulses
are shorter than 50 ns and have amplitudes up to afew mV on 50 Q.

In some gases, for example with TMAE vapor, the streamers were clearly observed visualy ina
dark room (note that in this case the gas chamber with MSGC and all gas system was heated to
40 C° to increase the partia pressure of TMAE). Asin the case of the asymmetric wire chamber
with substrates, streamersin MSGC's have a very narrow (in voltage) self-quenched region and
then transit rapidly to sparks. These sparks were very bright and could be seen easily even in an
illuminated room.
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Figure 8 - Streamer current pulse in a MSGC (on 50 Q).
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Figure 9 a- Thefield strength around the tip of a streamer. The inset details a
map of equipotential linesfor a streamer near an anode wire.
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Figure 9 b - The same for a streamer in the presence of a surface.

Why are the streamers unquenched in the presence of a substrate?

This can be understood from calculations of the field near the streamer head. In these calculations
the streamer was considered as a conductive medium (plasma actually), kept at the anode potential.

Figs. 9a and 9b show calculations of the field near the streamer (diameter 100 um, length
250 um) for an asymmetric wire chamber without and with substrate. One can clearly see that
when the substrate is present there isa high local electric field between the head of the streamer and
the substrate, due to dielectric polarization. This is therefore the region of the most intense
ionization during the streamer propagation. Thus, the streamer, when it is close to the dielectric
surface, creates the high field necessary for its own propagation.

These streamers are very similar to the well known "gliding” discharges [23]. Gliding discharges
are two dimensional and, due to the extreme "sharpness" of the edges of the surface space-charge
layer, the transition from surface avalanche to the spark type of breakdown occurs at much lower
electric fields than in the usual "three dimensional” case [23].

Calculations also show that points where the metal electrode structures touch the dielectric
substrate have a very high electric field. These points are favorable for the initiation of avalanches
close to the surface and the formation of surface streamers.

Are there any ways to limit streamer formation? This could be done by optimization of the
MSGC and by developing substrate-free detector designs.

3.3 Optimization of uncoated MSGC's

As was described above, in the case of detectors with thin anode wires (< 20 um) streamers
cannot touch the cathode due to the fast drop of radial electric field. By analogy one can think that
in order to suppress the streamers and therefore increase the maximum gain before breakdown in
the MSGC, the multiplication region should be concentrated to a narrow region around the anode
strips and that the gas gain el sawhere should be maximally suppressed.

Of course, the rea situation is more complicated because streamers create their own field. Since
the calculations of streamer dynamicsis rather complicated the easiest way to check the validity of
our assumption is experimentally. One can try to concentrate the multiplication near the anode
strips in several ways. by reducing the anode width, by increasing the anode-cathode gap and by
using mixtures having a sharp dependence of gain vs. voltage. A systematic experimental study
performed recently fully confirms that optimizing these parameters allows higher gains to be



reached in MSGC's (see [24] for more details). As an example, Fig. 10 presents results obtained
with different pitches and anode widths.
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Figure 10 - Maximum achievable gainsin MSGC's with different anode widths and
pitches:
1- 1 mm pitch, 10 pum anode width 2 - 2 mm pitch, 10 pm anode width
3 - 1 mm pitch, 25 um anode width 4 - gtrips and wires on substrate at 2 mm

pitch (see Fig.12).

One can clearly see that the highest gains were achieved with narrow anodes and at high pitches.
In Fig. 11 are presented the gain vs. voltage curves for Ar/CH4 mixtures and different
concentrations of CH4. One can see that the maximum achievable gain behaves similarly to what
was observed in a single-wire counters (see Fig. 6). The highest gains in this particular mixture
were achieved in pure CHg. Thisresult isin excellent agreement with those obtained for streamers
in single-wire detectors - see Fig. 6.
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Figure 11 - Maximum achievable gain in an MSGC operating in Ar/CH4 mixtures
for various CH4 concentrations



It was found also that the maximum achievable gain depends on the noble gas [25]. The highest
gains were achieved in He and Ne-based mixtures and lowest in Xe-based mixtures. These results
arein agood qualitative agreement with those obtained with single wire counters (see Fig. 7).

Despite the good qualitative agreement between streamer onset propertiesin MSGC' s and single
wire detectors the charge needed for streamer development is two orders of magnitude lower in the
former case. This may be attributed to the two dimensional nature of the streamer discharge in
MSGCs, which will be more concentrated than the three dimensional streamer formed in single
wire detectors.

New geometries of microstrip detectors were also tested. In one of these, cathodes were made
from thick wires of diameter 0.75 and 1 mm touching the surface or suspended just above it (see
Fig. 12). In such designs, we tried to minimize the contribution of the substrate and reduce the
field near the cathode. The gain achieved with such devices was 105 or higher (see Fig. 10 -
curve 4). All these results confirm the assumption that the gain should be concentrated near the
anodes.

As aresult of this work on MSGC's optimization, the authors of ref. [26] were able to get a

uniform gain of 104 over a MSGC of surface area 30x30 cm? with 2 mm pitch, 10 um anodes
strips and a Penning mixture (Xe+2% isobutylene at 2 atm) having a sharp dependence of gain vs.
voltage. The probability of breakdown is proportional to the detector's surface area. However, not
asingle breakdown was observed over aweek of continuous operation of the detector at this gain.

Cathode wires

! Q @)
4 |

Anode strips

Figure 12 - Example of a M SGC design which permits the highest gains.

3.4 Streamers in coated MSGC's

At high counting rates the dielectric substrate of the MSGC's is charged by positive ions from
avalanches causing gain variations with time. One solution to this problem is coating the substrate
with a thin, higher conductivity layer (e.g. diamond). In MSGC's with conductive coated
substrates the mean field along the surface between anodes and cathodes increases and, what is
even more important, becomes more uniform [22]. Thisis favorable for streamer propagation and
as aresult the maximum achievable gain islower compared to bare MSGC's.

Another feature of coated MSGC's is high amplitude spurious pulses which can also trigger
breakdown. The nature of these pulsesis discussed in [22,27].

3.5 Microgap Gas chambers

The Microgap Gas Chamber (MGC) was developed by F. Angelini et al . [28] in an attempt to
solve the charging problem of MSGC. The main feature of thistype of detector isavery short gap
between anodes and cathodes allowing fast removal of ions produced by avalanches. Asaresult no
charging effect was observed even at rates up to 107 counts/mm? sec. However the maximum
achievable gainis also limited to 104,

Our recent results with MGC's [29] reveal many similarities with MSGC pre-discharge features.
We concluded that breakdown in these detectors occurs through a streamer mechanism as in

MSGC's. It is not surprising since part of the avalanche touches the dielectric surface and may
form a surface streamer.
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It isinteresting to note that the maximum achievable gain in the MGC depends on the gas mixture
in away similar to high pitch MSGC's. There is also one optimum concentration of quencher at
which the gain reaches a maximum, and the highest gains were achieved in He and Ne-based
mixtures, the lowest in Xe-based mixtures[30].

4. New types of high-rate gaseous detectors.

The low achievable gains in ordinary MSGC's stimulated different groups to develop another
designs of high-rate gaseous detectors. A relevant example could be the Microdot Gas Avalanche
Chamber [31,32]. The main feature of this design is that the anodes are metalized dots on a
substrate and the cathodes are coaxial rings. This geometry insures fast drop of electric field with

distance from the anode dots and as a consequence allows higher gains (> 104) to be achieved
[32]. However, even in this design streamers may develop at high gains as was clearly shown in
[31].

Another example of a new high-rate detector could be the recent MICROMEGAS [33].
MICROMEGAS sjust aPPAC with asmall (~0.1 mm) gap between electrodes. There are at least
two advantages of this design:

1) the small size of the gap and hence the avalanche reduces the effective area of the induced
charge on the anode strips. Thus by using small pitch strips a better position resolution in
principle could be achieved,

2) asmall gap also guaranties afast removal of positive ions and hence less space charge effect
at high rates.

MICROMEGAS permits gains of 104-105 [34]. At higher gains breakdown appears, presumably
through the streamer mechanism. However in a new design with narrow anode strips it was
possible to explore additional multiplication in non-uniform field near the anode strips, permitting
an additional factor of 5 or morein gain [34].

Other examples of new high rate gaseous detectors in which the role of substrate was minimized
could be CAT [35] and GEM [36]. In these detectors amplifications occur in "holes" in substrate.
There were no reports on breakdown studies in these devices, but since part of the avalanche
touches the dielectric surface one can assume that it may occurs through the surface type of
discharge.

5. Potential limitations of high-rate gaseous detectors

In general one can assume that in any high-rate detector, fast removal of ions requires a short
distance between anodes and cathodes, as well as an high and uniform field. But these are also
favorable conditions for streamer development. Additionally, at high counting rate, avalanches start
overlapping in space and time [5] and this lowers the maximum achievable gain at which streamers
appear. This effect is aso proportional to the detector surface area, so streamers always appear
soon or later just due to statistics. So, large-surface high-rate detectors are specially prone to suffer
from streamers.

Another effect in some types of high-rate detectorsis cathode "excitation”. It was observed that
under ion bombardment the work function of the cathode may be reduced [37] and additionaly it
may emit electrons [22, 38]. This emission may continue for several minutes. Due to these effects,
after one breakdown another breakdown or a series of breakdowns may appear at the same place
[38]. One can stop these continuous breakdowns by lowering the working voltage for a few
minutes, which is obviously not a practical solution for a high-rate device.

It looks that all high rate gaseous detectors may suffer from streamers or continuous breakdown.
Asaresult, for reliable operation one should lower the gain at high rates.
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6. Conclusion

Experience shows that all detectors are rate limited for one or another reason. We described in
this paper how streamers could play an important role.

In uniform fields, or when the attached to a dielectric surface, streamers are unquenched and
once started continue to develop until they reach the cathodes. As follows from this paper, in
substrate-free detectors and especially in geometries providing non-uniform fields one can reach
the highest gains. An example could be recent modification of MICROMEGAS where
amplification in non-uniform fields near anode strips was observed [34]
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SOFT X-RAY PRODUCTION IN SPARK DISCHARGES
IN HYDROGEN, NITROGEN, AIR, ARGON, AND XENON GASES
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J A. Maly
Applied Science Consultants
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P. M. Vdvra
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ABSTRACT
We describe a generator of soft X-rays of energy between 2 and 10 keV by sparking in
hydrogen, air, nitrogen, argon, and xenon gases at |low pressure with a sparking voltage as low as
~0.8 kV, which can be used as a simple monitor of the gaseous detectors. The X-ray production
mechanism is a so discussed, including the possibility of a new process.

(Submitted to Nuclear Instruments and Methods)
1. INTRODUCTION

We present asimple X-ray generator which can be used to monitor drift chambers. The generator
uses a spark gap operating at low pressure, with athin window and very low voltages between 0.8
and 2.5 kV to create X-rays between 2 and 10 keV.

To create the X-rays by sparking in low pressure is not new. Less known is the fact that one can
create the X-ray energies, which are larger than the sparking voltage. This seemingly surprising
effect is semi-qualitatively explained in the literature by the so called "pinch” effect [1-4], whichis
known to occur during very large low inductance sparks, operating typically with initial charging
voltages of 10-60kV, charging capacitance of 10-20uF, low inductance of ~100 nH, stored
energies of 1-3 kJ/pulse, and peak spark currents of 100-200kA [1]. The pinch effect has been
demonstrated experimentally using pin hole photography, which indicates a formation of point-like
(plasma points) regions within the plasma[2]. A generally accepted explanation of the pinch effect
is based on the radiation collapse model [1]. During the pinch effect, one observes a formation of
dipsin spark current, which in turn creates large local voltages[1]. The voltage across the sparking
gap can exceed the supply voltage by afactor of 2-3 [3], and thus, the X-ray energies can exceed
the sparking voltage. The current dips are correlated with the appearance of plasma points, which
principally emit X-ray lines of the anode material; radiation from the cathode material isweak [1].
The X-ray production shows a strong angular anisotropy [4]. The sparks in the above tests are so



large that the electrodes wear out quickly. Indeed, the spectral investigations reveal emission from
heavily ionized atoms, which are present in the el ectrode materia [2].

In our tests, we tried to set the smallest possible sparks that are still consistent with the X-ray
production, i.e., we tried to operate at the opposite end of the spark's stored energies, as
mentioned above. The sparking voltage varied between 0.8 and 2.1kV, the charging capacitance
was 75nF, inductance was ~1000nH, stored energy was 0.024-0.17J/pulse, the peak spark
currents were 0.2-0.5kA, and the total spark charge was between 4x1014 and 1015 electrons/spark.
The observed X-ray energies were between 2 and 10 keV, even at the lowest sparking voltage of
~0.8kV (depending on the gas), and followed an exponential distribution falling towards larger X-
ray energies. The maximum observed X-ray energy (~10keV), generated at the lowest voltage
(~0.8kV), is above K-shell energy of typical gases we used in our tests, and materials used in our
spark electrodes (see Table 1 and Chapter 4). The X-ray production persists even for the carbon
electrodes which have the smallest K-shell energy (0.284keV); this would appear to eliminate a
theory that the electrode atoms are responsible for the X-ray production. Furthermore, we have
evidence that the production threshold and the X-ray rate are dependent on the gas choice in the
sparking vessel. We have measured the [(t), V(t), and di/dt(t) curves and have confirmed that the
X-rays are produced during the largest swing in the di/dt(t) curve corresponding to a dip in the
current 1(t). Thiswould appear to be consistent with the earlier mentioned pinch effect mechanism.
The sparksin our tests are relatively large by atypica standard, however, compared to the spark
energies used in Refs.1-4, they are considerably smaller, by at least a factor of ~4x10% (at
~0.8kV). If our results are due to the pinch effect, we are then observing the pinch effect
phenomenon at the smallest spark energy reported so far in the literature, i.e., we are investigating
its threshold behavior.

However, we have some doubts that the pinch effect is really understood quantitatively. The
gparking phenomenon is an extremely complex process if weinsist on area quantitative evaluation
of its dynamics. Its understanding is not yet at alevel of that of the electron transport at low drift
electric fields or small avalanches, which can be solved reasonably accurately using the three-
dimensional Monte Carlo simulation [5] [the computer program follows the electrons and ionsin
small steps (fraction of a ps) and evaluates electrostatic forces, position and velocities of each
electron and ion, and probability of various physics processes using the electron-molecule
scattering cross-sections]. It is not possible to do this for sparks having large number of electrons
involved in the pinch effect at thistime, not only because of the computational difficulties but also
because one does not necessarily know details of all physics processes involved. For example, in
Chapter 4 we mention one additional possible mechanism which may have been neglected in the
theory of the pinch effect, and may contribute to the X-ray production in our tests.



One practical benefit of running small spark energy is that the sparking electrodes do not wear
out quickly and the device is suited for long-term investigations. The spark electromagnetic noise
requires careful shielding for fast detectors. For drift chambers with along drift, one can be easily
protected by a drift time delay of about 1-2us. The X-rays were monitored at 90° in respect to the
gpark axis during al testsin this paper. Aninitial approximate observation indicates that they may
be isotropic, although thisis yet to be confirmed by a larger test detecting X-rays over alarger
solid angle.

2. EXPERIMENTAL SETUP

2.1. Description of X-ray producing apparatus

Figure 1 shows schematically the spark producing apparatus. It uses a spark gap with a1 mm
gap between the points, which is placed in a small brass vessel equipped with a thin window to
allow low energy X-rays to penetrate (in final tests we also used carbon electrodes in a specially
prepared spark gap). The window opening is~1.27 cm diameter and its material is either 12.7um
stainless steel (sealed by a conducting epoxy), or 50um Mylar foil. The sparking vessel is
connected to a vacuum pump from one side, and to a gas bottle from another side. The gas
pressure is controlled by a small needle valve throttling the gas flow while pumping. The pressure
is monitored by a thermocouple gauge with an accuracy of afew microns (1p = 103 Torr). The
pump was capable of reaching apressure (p) of 10-20p.

Metering Gauge
valve

Copper mesh

‘h

g

>
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Wire Tube
Detector

Fig. 1. Our experimental setup for sparking in gases at low pressure. It uses a spark plug with a1 mm gap,

operating as a relaxation oscillator.

The operating parameters of the spark gap were tuned to maximize the X-ray production; this
occurs in a relatively narrow window of the parameter space. The spark gap operates at low



pressure between 0.2 and 1Torr, depending on the gas choice. It operates as a relaxation oscillator
with a charging resistor R = 80k Q and a charging capacitor C = 75nF. Because of excessive
heating, the charging resistor R is made with an equivalent circuit involving six pairs of ~27k Q,
10W resistors; it is necessary to cool them with a small fan. The high voltage power supply,
capable of delivering up to 40 mA DC current, operates at +2.5kVDC voltage. The sparking
voltage (V gpark) Varies between 0.8 and 2.1kV, which corresponds to a spark energy ( %Cvspark2)
between 0.024 and 0.17J/pulse, and a spark charge (CVgspark) between 4x1014 and 1015
electrons/spark. The spark repetition period (T) is set typically between 5 and 20ms by the choice
of gas pressure, which corresponds to sparking rates between 50 and 200Hz.

2.2. Spark voltage monitoring

First, we calibrated the DC power supply output with a precision voltage divider and a digital
voltmeter. This resulted in asmall ~0.6% correction. Second, we calibrated a spark voltage V gpark
relative to a spark period T using a special voltage divider, as shown in Fig.2a. To monitor the
varying voltage with avoltage divider, it is necessary to compensate the resistors for their parasitic
capacitance. Thiswas done by measuring a parasitic capacitance of the 300M Qresistor in Fig.2a,
and then empirically tuning the 80nF capacitor to minimize an undershoot in the monitored voltage
of Fig.2b. The monitored voltage of Fig.2b was used to determine a correlation between the
sparking voltage V gpark and a sparking period T of the oscillator. By measuring the sparking period
T, one can uniquely determine the sparking voltage Vspark, Which is shown in Fig.2c. Finaly, we
have also used a spark gapl CG3-1.5 to cdibrate V gpark- Its sparking voltage was selected to be
1.4kV. For Vgark < 1.4kV, the spark gap did not fire. This was a simple way to confirm that our
calibration is correct, and that there is no fast transient exceeding V gpark-

The relaxation oscillator has the following feature: for a given spark gap distance d, gas pressure
p and gas choice, the sparking voltage V spark is determined according to Paschen's law, which
says that Vgpark is a function of pd. We operated in a region of the law where increasing the
pressure reduces the sparking voltage, which in turn reduces the sparking period T.

During the experiment, we would typically monitor the sparking period, which is easy to
measure, and use the calibration curve of Fig.2c to obtain the corresponding sparking voltage.
Depending on the choice of the gas pressure in agiven gas, we would typically select the sparking
voltage Vgpark between 0.8 and 2.1kV during this experiment, while running the high voltage
power supply always at a constant value of +2.5kV. We used the scope triggering circuit,
described in Fig.1, to determine the sparking frequency T.

1 Made by Genera Instrument Co., Chicago, Il 60645, U.S.A.
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Vspark and asparking period T (b). A calibration curve correlating the sparking voltage Vepark and the

park period T is shownin (c).

2.3. X-ray detectors

We have used four types of X-ray detectors during this test: a Geiger detector TBM-3S2 | a
single wire proportional tube detector, along drift detector, and the Y AP scintillator3 coupled to
the X P2230 photomultiplier4 . The most prominent systematic effect was the spark noise generated
by the spark gap located very close to the detector. To limit its influence, we have constructed a
large copper mesh Faraday cage around the detector, the connecting cables were placed in the
grounded copper pipes, and the spark gap vessel and its high voltage connection was well
grounded. The signal detection in the wire tube detector and the Y AP scintillator occurs during the
largest spark noise, and therefore, it was necessary to place them in the second local coaxial shield.
The easiest way to eliminate the spark noise was with the long drift detector because in this
particular geometry one can easily separate the spark noise from the X-ray signal by a choice of a
suitable electric drift field. In all cases, it was easy to verify that we indeed detect the X-rays by
placing an absorber between the spark plug vessel and the detector window.

2 Made by Technical Associates, Canoga Park, CA 91303, U.S.A
3 YAP stands for YAIO3:Ce; density 5.37 g/cm3, peak emission at 370nm, typically 3-4 p.e/keV.
4 Made by Amperex, North American Philips Co.



The Geiger detector TBM-3S is a commercially made battery operated detector equipped with a
thin Mylar window of a 1.5 mg/cm? thickness and 5 cm diameter. It isfilled with halogen gas.
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capacitor :
Pin to hold P Coaxial
the wire cables

Fig. 3. Geometry of the single wire proportional tube detector including its spark noise shield.

Figure 3 shows the geometry of the wire tube detector. The gold plated tungsten anode wire
diameter is 38 um. The aluminum tube has 10 mm i.d. with a1 mm wall thickness. The tube has a
10 mm x 10 mm opening in the center, which is covered with a 30 m thick aluminized Mylar foil.
Thefoil is connected electrically to the tube wall with conducting epoxy and sealed with a DP-190
epoxy. The detector is operating with a 95% Ar+5% CHy4 gas mixture at 1 atm pressure. This
choice was primarily motivated by its nonflammability.

Figure 4 shows the geometry of the long drift wire detector. The drift cell is made of two
sections: a drift region made of equally spaced stainless steel rings and a gain region containing
20um gold plated anode wires surrounded by a nickel plated cathode. The drift field is defined by
the potentials V1 and V. The resistor chain provides voltages to the individual stainless steel rings.
The value of each resistor is 10MQ. The drift region has a cylindrical shape with 2.5 cmi.d. and
12 cm long active volume. The entrance window into the long drift detector is made of ~13um
thick aluminized Mylar foil. The gas gain is controlled by the cathode voltage V ¢. All anode wires
are connected together to a single amplifier. The detector also operates with a 95% Ar+5% CHg
gas mixture at 1 atm pressure. To be insensitive to a spark noise, we would typically choose a drift
field of only ~8-10V/cm corresponding to a very low electron drift velocity of ~5mm/us.
Typically, with this detector, the spark noise would appear only in the first 1-2u s after the scope
trigger, followed by a perfect noise-free period. We would then observe events of interest between
3 and 25 u s after the scope trigger.
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Fig. 4. Geometry of the long drift detector.

The YAP scintillator was a cube (1cm x 1cm x 1cm) coupled to a XP2230 PM tube with a UV
coupling grease. A good light collection was ensured by covering the sides of the scintillator with
Teflon tape; the light leak was stopped with two layers of black paper tape. Because we used an
amplifier with a large gain (~15mV/pC), the photomultiplier tube (PM) operated at a very low
voltage of -1.4kV. The main reason to use this detector was to investigate the high energy end
(tens of keV) of the pulse height spectrum, where the gaseous detectors start |oosing efficiency.
2.4. Electronics used in the test

The long drift detector was used to measure the multiplicity of the X-ray bursts. Its amplifier was
a battery operated charge sensitive amplifier with again of ~15mV/pC, a shaping time of ~65ns,
and onpjse~2000 €. This sensitivity is enough to be able to detect even single electrons arriving
on the wire, assuming that the gas gain isin the range of 10°. A conversion of a 3-10keV X-ray
generates amuch larger signal, equivalent to several hundred electrons.

The wire tube detector measured the X-ray pulse height spectra using two methods: (a) peak
sensing method using aLeCroy TRA 100 amplifier with again of ~50mV/pC and a shaping time of
~20us, together with a digital oscilloscope (reading individual pulses manually), (b) charge
sensing method using the battery operated amplifier (see above) with the pulse height analyzer
LeCroy QVT 3001 in g-mode operating with an external 400ns long gate (the Y AP scintillator
detector was also using this method).



2.5. Expected X-ray attenuation factors and detection efficiency
Figures 5a and 5b show calculated attenuation curves for various materials and an expected
detection efficiency for the tube and long drift wire detectors.
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Fig. 5. Calculated attenuation N/Ng curves for various materials in the X-ray path, and expected X-ray detection

efficiency for () the tube wire chamber and (b) the long drift detector. The attenuation was calculated for
51 um thick Mylar sparking vessel window (open circles), 3 cm of air (squares), 33 m (tube) or 12.5um

(long drift) wire chamber window (triangles), the combined attenuation factor (x) and the final detection

efficiency (star).

The attenuation factor is defined as n(E) = N/Ng = exp(L/Lo), where L is the X-ray path length
and L is the attenuation length calculated from the absorption coefficient in a given material [6].
The X-ray detection efficiency, €(E), defined as a ratio of detected and produced number of X-

rays, was calculated as follows:
&(E) = Mytar () Ny (B) Nyintow (B) @ N (E)) (1)

where n,, isthe attenuation in 95% Ar+5% CH4 gas mixture, and other factors are the attenuation
factorsin the materials in the X-ray path. We assume that the wire chamber detection efficiency is



close to 100% for a charge generated by the X-rays. From Fig.5b, one can see that the long drift
detector has agood X-ray detection efficiency between 3 and 20keV.
3. EXPERIMENTAL RESULTS

We have observed X-ray production with all four types of detectors described in Section 2.3.
There are three arguments for this statement: (a) the radiation was not affected by a strong magnet
placed between the sparking vessel and the detector, indicating that we are indeed dealing with the
X-rays or neutral particles, (b) the range measurements are very consistent with the X-ray
production; (c) the response from the gaseous detectors strongly indicates soft X-ray production
(pulses are comparable in size and shape to pulses from an Fed> X-ray source). The X-rays were
monitored at 900 in respect to the spark axis during all testsin this paper.

3.1. Observation of X-ray showers

The most convincing proof of the existence of the X-ray burstsin a single event came from the
long drift detector. The long drift detector operating condition was described in Section 2.3. A
fraction of the solid angle extended by the sensitive region of the long drift detector in this test was
AQ /Q~0.0019. Fig.6a shows oscilloscope pictures of the X-ray events, which follow the initial
spark noise. The relaxation oscillator was operating in air at V gpark~1.45kV and p~270p.

@ (b)
= >
o S
> ~~
c >
o -
S S

N

200 mV / div

1 psec/ div

Fig. 6. (a) A cluster of X-ray pulses detected in the long drift detector; sparking in air at a sparking voltage Vspark
~1.45kV and a pressure of ~270; (b) A cluster of X-ray pulses detected in the long drift detector; sparking
in argon at asparking voltage Vspark~2kV and a pressure of ~170; (c) A calibration pulse from an Fedd

X-ray source for the same gas gain.



Figure 6b shows similar X-ray production with argon at Vgpark~2kV and p~170u. For
comparison, Fig. 6¢ shows atypical calibration pulse from the Fe>> X-ray source. Notice that the
X-ray events appear in clusters (Figs. 6a and b). To study the single X-ray events, it is necessary
to adjust their flux so that the probability to observe the X-ray pulse per spark was only ~5%, thus
ensuring only a small probability of a pile-up from different events. Thisis achieved by placing an
additional 178 um Mylar absorber in the X-ray path, creating a total Mylar thickness of 261um
between the spark and the sensitive volume of the long drift detector. The sparking vessel isfilled
with argon, and operates at Vgpark~2kV and p~170u. The counting of X-ray pulses is done
visually using a digital scope. Fig.7 shows a multiplicity distribution of the X-ray pulses per
spark, indicating a mean of three. Extrapolating this result to a 4 1t-solid angle and assuming an
isotropic distribution, one would expect more than 3*(Q / AQ)~1500 X-ray pulses.

From a visual observation of scope traces, it appears that the average energy of the X-raysis
below ~10keV. The signal disappears when placing either a 1.6mm thick lead sheet or even a
762um thick Mylar sheet in front of the long drift detector (see the next chapter for a quantitative
evaluation of average energy).
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Fig. 7 An average X-ray multiplicity per spark in argon, sparking voltage Vspark~2kV and pressure of ~170 .
The X-ray energy was between 3 and 10keV on average, and probability to observe an X-ray pulse per given
spark was kept at only ~10% to ensure a proper X-ray counting.

3.2. Average effective X-ray energy using a range measurement

An advantage of the range measurement is that it is simple and insensitive to any spark noise.
We have used Mylar, Kapton, aluminum, and stainless steel absorbers mounted into slide frames.
The slides were carefully placed into an X-ray path between the sparking vessel and the detector.
Fig. 8a shows a comparison of calculated and measured attenuation curves for the setup using the
Geiger counter TBM-3S. The X-rays passed through a 12.7um thick stainless steel sparking
vessel window, 3 cm of air and 38um of Mylar foil on the counter. The sparking vessel was
operating with air at V gpark~2.1kV and p~240u. One can see that an average measured effective
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energy of X-raysisdlightly above 4keV. Fig.8a aso shows the measured calibration data using the
FedS source producing 5.9keV X-rays; it agrees fairly well with the calculation.

Fig.8b shows a comparison of the calculated and measured attenuation curves for the setup
using the tube wire detector. In this case, the X-rays passed through a 12.7um thick stainless steel
gparking vessel window, 3 cm of air, and a 30 m thick aluminized Mylar foil of the tube window.
The sparking vessel was operating with air at V gyark~2.1kV and p~240u. Again, one can see that
an average effective energy of X-raysis slightly above 4keV. Fig.8b also shows the calibration
data using the Fe>> source producing 5.9keV X-rays. Both methods, one using the Geiger counter
and one using the tube wire detector, agree with each other.
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Fig. 8 () A comparison of arange measurement and cal culated attenuation curves using the Geiger counter TBM-
3S. The sparking data (open triangles) were obtained with air at sparking voltage Vspark ~2.1kV and
pressure of 240, calibration was done using the Fedd X-ray source (open diamonds), the calculation was
done at 6keV (open squares), 5keV (open circles), 4keV (filled squares), and 3keV (filled circles). (b) The
same for the tube wire detector; the sparking vessel was operating with air at sparking voltage
Vgpark~2.1kV and pressure of 240 ..
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The spark charge contains approximately ~1015 electrons. The question is, what is the
probability that one such electron creates an event, containing any number of X-ray pulses.
Combining the results from the long drift detector of Sections 3.1, and the tube detector of Section
3.2, we calculate this probability as follows: ~0.1*5* 10-15 = 5x10-16, where 0.1 is the probability
to observe an X-ray even per spark containing 1015 electrons, a factor of 5 comes from the
absorption correction caused by the 262 um Mylar absorber in the X-ray path (see the multiplicity
measurement in chapter 3.1), assuming an average X-ray energy ~4keV - see Fig.8b. To be able to
see this phenomenon one needs a very large instantaneous spark current (>400A). For example,
one would not seeit using electrons from an ordinary [3-source.

3.3. X-ray energy distribution

The difficulty to correctly measure the pulse height distribution in this experiment is mainly
related to a short duty cycle of the X-ray production, and to a spark noise. The X-rays are
produced within ~150-200ns time interval (see Section 3.5), and they seem to occur in multiple
events (see Section 3.1). To assure that we are dealing predominantly with the single X-ray pulses
when measuring the pulse height spectra, we need to limit the probability of asingle X-ray pulse
per spark to less than 5%. Thisis achieved by (a) restricting the X-ray flux with a~1mm diameter
hole in the 1.5mm thick lead sheet, and (b) by running at the lowest possible sparking voltage.
Despite these precautions, there is still a nonzero chance of having two X-ray pulses within the
integration gate, and therefore, one should not over-interpret a maximum X-ray energy measured
in the test. The maximum observed energy is also affected by aresolution of the detector, which
has to be determined by a separate calibration run. The spark noise was reduced by using careful
shielding precautions (see Section 2.3), and by running relatively long shaping time of the
amplifier, which, however, made it more difficult to resolve doubles.

3.3.1. Wire tube detector with a long integration time constant.

We use a charge integrating amplifier with a gain of ~50mV/pC and a shaping time of ~20us,
and a digital oscilloscope to measure the pulse height spectrum by determining a peak of each
pulse. In thisway, every pulse contributing to the pulse height spectrum is visually checked. The
X-rays pass through a 51 pm thick Mylar window of the sparking vessel, 3 cm of air and a30um
thick aluminized Mylar foil of the wire tube window before there is a detection in the wire tube
chamber operating with 95% Ar+5% CHy gas.

Figure 9a shows the uncorrected X-ray pulse height spectrain air, hydrogen, argon, and xenon
gases. The spark gap operates at V gpark~0.9KV and p~310y for air, at Vgpark~1.55kV and p~950u
for hydrogen, at Vgpark~0.8KV and p~240u for argon, and at Vgpark~1.81kV and p~135u for
xenon.
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Fig. 9. (a) A measured X-ray pulse height spectrum using the wire tube detector while sparking in air at ~0.9kV;
hydrogen at ~1.55kV; argon at ~0.8kV; xenon at ~1.81kV. The X-rays pass through the 51y m Mylar

window in the sparking vessel, 3 cm of air, and a 30 L m thick aluminized Mylar foil in the wire tube
chamber. The energy scaleis calibrated using the Fedd source; the resolution o/Peak of the wire tube
detector is ~14% at 5.9 keV. (b) The same pulse height spectra as shown in Fig. 9a, but corrected for the

attenuation factors in various materials and the wire tube X-ray detection efficiency - see Fig.5a.
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Using the calculated attenuation factors for each absorber in the X-ray path, and using the
calculated wire tube detection efficiency based on the energy dependent attenuation factorsin each
component of the chamber gas (see Eq.1, Ref.6, and Fig.5a), one can correct the measured spectra
of Fig.9a and obtain a shape of the primary X-ray spectra at the source. Fig.9b shows the final
results for air, hydrogen, argon, and xenon in the sparking vessel. The spectra have the same
shape within the experimental errors and they follow a power law distribution.

The scaleis calibrated with the FeS radioactive source. The resolution o/Peak of the wire tube
detector is~14% at 5.9 keV.

3.3.2. Wire tube detector with a short integration time constant

In this test, the wire tube detector is coupled to the charge integrating amplifier with a gain of
~15mV/pC and shaping time of ~65ns. The pulse height spectrum is measured using the QVT
pulse height analyzer operating in the charge integrating mode (g-mode) with an external gate of
400ns long. The shape of the X-ray distribution and the maximum energy observed in argon and
xenon are consistent with the results presented in Fig.9a.

3.3.3. YAP scintillation detector with a short integration time constant

In thistest, the Y AP scintillation detector is coupled to a PM operating at -1.4kV. The PM anode
output is amplified by the charge integrating amplifier with a gain of ~15mV/pC and the shaping
time of ~65ns. As indicated above, the pulse height spectrum is measured using the QVT pulse
height analyzer operating in g-mode with a400ns long external gate.

In this case, we are interested to see if there are some X-rays with much larger energies than
~10keV. Fig.10a shows the uncorrected X-ray pulse height spectrum in xenon on the logarithmic
scale. The spark gap was operating at Vgpark~1.81kV and p~135u. Fig.10b shows the same
spectrum, but in this case the X-rays are blocked with 1.5mm thick lead sheet. As expected, no
events are observed above the pedestal peak. Fig.10c shows the calibration spectrum using the
Cd109 radioactive source. The resolution o/Peak of the YAP detector is only ~26% at 22 keV,
which is expected due to the finite photoelectron statistics for this type of scintillator. This
resolution is considerably worse compared to the gaseous wire tube detector. Taking into account
the relatively poor resolution of the Y AP detector, we conclude that the result of this measurement
is consistent with the corresponding result from the wire tube detector in Fig. 9a. However,
Fig.10a shows few events with energy up to 20-25keV, which would indicate a presence of larger
energies compared to what we measured with the gaseous wire tube detector in Fig.9 (at X-ray
energy of ~20keV the gaseous detector has practically zero detection efficiency - see Fig.5a).
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50 counts/div

X-ray energy [3 keV/div]

Fig. 10. (8) A measured X-ray pulse height spectrum using the Y AP scintillation detector while sparking in xenon
at ~1.81kV. The X-rays passing through the 51 pm Mylar window in the sparking vessel, 3 cm of air, and a

30 m thick aluminized Mylar foil in the wire tube chamber (log vertical scale). (b) The same but the X-rays
blocked with 1.5mm thick lead sheet (log vertical scale). (c) The calibration with a Cd109 radioactive source
producing 22keV X-rays; the measured resolution o/Peak is~26% at 22 keV (linear vertical scale). Every 50-
th count is bright.

3.4. X-ray production rate as a function of E/p, sparking voltage and gas

In this test, the X-rays pass through a 51 um thick Mylar window of the sparking vessel, ~3cm
of air, and the Geiger detector window (38 um thick Mylar), i.e., the X-rays below 2-3keV were
absorbed. We placed additional Mylar absorbersin front of the detector to evaluate the hardness of
the X-ray radiation. The gases in the sparking vessel were hydrogen, air, nitrogen, argon, and
xenon. We used the following gas pressure ranges. 195-230u for argon, 120-140u for xenon,
280-320u for air, 275-330pu for nitrogen, and 850-1020 for hydrogen. Outside these pressure
ranges the X-ray production stopped, although the spark gap continued to glow. Fig.11 shows the
measured X-ray rate in the Geiger detector as a function of the sparking voltage for several gasesin
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the sparking vessel. Notice that the argon X-ray spectrum appears to be hardest in this group of

gases.
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Fig. 11. The rate of the X-raysin the Geiger detector as a function of the sparking voltage Vepark, gas and aMylar

absorber thickness: for (&) hydrogen, (b) air, (c) nitrogen and (d) argon; no absorber (diamond) and Mylar
absorbers of the following thickness: 127 um (square), 254 um (triangle), 356 um (filled circle), 483 um

(x), 610 m (filled circles), and 711 um (cross).

Many gaseous phenomena depend on the E/N variable, where E isthe electric field and N is the
number of molecules per cm3. E/N is often approximated by an E/p variable, where p is the gas
pressure. For example, the electron drift velocity is often expressed as a function of E/p.
Unfortunately, it is difficult to know E precisely due to a dynamic behavior of the spark; the space
charge effects must also be very important for charges of ~1015 electrons per spark; for E/p higher
than 10kV/cm/Torr, the electron energy is higher than ~50€V, causing ionization. Similarly, a
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spark pressure may not be known since it depends on the spark temperature, which is not directly
measured during the test (a surface temperature of the sparking vessel isincreased rapidly; within
30 minutesiit climbed to 70-80°C). Therefore, only approximations can be made. We assume that
E = Vgpark/d, where Vgpark is determined from Fig.2c, d is ~1 mm, and p is the gas pressure
monitored ~20cm away from the sparking vessdl.
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Fig. 12. (a) The production threshold and the rate dependence of the X-raysin the Geiger detector on the E/p value
of the gasin the sparking vessel. (b) The dependence of the X-ray production threshold on the atomic
number Z of the gasin the sparking vessel.
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Fig. 13. The measured X-ray production rate as a function of elapsed time (sparking in air at Vgpark~0.9kV). The

increase is due to the gas heating, which changes E/p.

Figure 12a shows the measured the X-ray rate in the Geiger detector as a function of the E/p
value for several gases in the sparking vessel. In this measurement, no additional absorber was
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placed between the sparking vessel and the detector. One can see that hydrogen starts producing
the X-rays at the lowest E/p, xenon at highest. From Fig.12b it appears that the X-ray production
threshold correlates with the atomic number Z of the gas.

Figure 13 shows the result in air at sparking voltage V spark~0.9KV. We see an increase in the
rate as a function of elapsed time since the beginning of the sparking. This may be related to an
increase in the sparking temperature which changes E/p.
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Fig. 14. Measured time development of the current I(t), voltage V (t), and current derivative di/dt(t) relative to the

X-ray production during our sparking tests. The X-ray burst duration is ~150-200ns, and is observed at
~200ns after the spark starts. The spark gap is operating, in this case, in air at Vspark~1.4kV and p ~290

similar shapes were measured at V spark~0.9kV.

3.5. The X-ray production and the I, V, and dl/dt dependence of the spark

We have added several components to the setup of Fig.1 in order to measure the I(t), V(t), and
di/dt(t) spark parameters. The current I(t) is measured with a 1.2Q shunt resistor placed in the
ground return of the spark gap, the voltage V(t) is measured with asimple 1000:1 divider, and the
current derivative di/dt(t) is measured using the toroid coil (so called Rogovski coil [7]). The coail is
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placed around a conductor delivering the current into the spark gap; it has 30 turns, aminor radius
of 4.2mm, and a major radius of ~17.8mm. To check the Rogovski coil measurement, we also
performed a numerical derivative of the I(t) curve. Fig.14 shows time development of the current,
voltage, and di/dt during the spark and the relative timing of the X-ray production. The X-rays
were measured in the wire tube or the Y AP detectors.

We observe the first X-rays at ~200ns after the spark starts and are all contained within atime
interval lasting 150-200ns, which corresponds to an observation of adlight dip in the current 1(t).
The current dip also corresponds to the largest swing of the di/dt(t). The voltage measurement
shows a small ripple effect at this time; however, we do not measure larger values than the
expected spark voltage Vgpark. The observation of the X-ray production during the dip in the
current appears to be consistent with what has been observed during the pinch effect studies[1-4].
4. DISCUSSION OF THE PRODUCTION MECHANISM OF THE X-RAYS

We clearly see the production of soft X-rays with energies between 2 and 10keV, which are
above the expected value given the known sparking voltage. The effect occurs during aslight dip
in the current 1(t). This observation appears to be consistent with the earlier pinch effect studies [1-
4], which are explained in the plasmafield literature using the theory of radiation collapse [1].

However, one should stress that our spark energies at our smallest sparking voltage (~0.8kV)
are at least a factor of ~4x104 smaller compared to the spark energies used in Refs.1-4. If our
results are due to the pinch effect, we are then observing the pinch effect phenomenon at the
smallest spark energy reported so far in the literature, i.e., we are investigating its threshold
behavior. The maximum observed X-ray energy (~10keV), generated at the lowest voltage
(~0.8kV), is ten times more than expected; it is above the K-shell energy for gases used in our
tests, or the materials used in our spark electrodes (see Table 1 and Chapter 4). The X-ray
production persists even for the carbon electrodes, which have the smallest K-shell energy
(0.284keV); thiswould appear to eliminate the theory that the electrode atoms are responsible for
the X-ray production. Furthermore, we have evidence that the production threshold and the X-ray
rate is dependent on the gas choice in the sparking vessel. Because of the doubts that the pinch
effect is the only explanation for the observed phenomenon, we were interested in searching for
other possible explanations:

(a) Thefirst obvious question is, if our spark voltages could produce the characteristic K-shell X-
rays in the materials or gases which are present in our system, assuming a multi-electron
participation on a liberation of a K-shell electron of some heavy atom such as iron, nickel, or
molybdenum (see Table 1). The phenomenon would be similar to the multi-photon ionization of
the gas impurities observed when aUV laser is shining into a gaseous drift chamber. However, it
appears that such a production is very unlikely. It is difficult for a charged electron, having an
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energy of only 50-100eV, to deeply penetrate inside the atom (compared to aneutral photon during
the multi-photon excitation).

Table 1 - Characteristic X-ray energiesin keV of some elements which could exist in the vicinity of the spark,
either in the gas or on the surface of the electrodes (a primary element or contamination); data obtained
from the Handbook of Chemistry and Physics, published by the Chemical Rubber Co., Cleveland, Ohio,
1971, page E-178.

Z | Element K L1 L2 L3 M1 N1
6 | Carbon 0.284

7 | Nitrogen 0.400

8 [ Oxygen 0.532

13 [ Aluminum 1556 [0.087 |0.072

14 | Silicone 1.838 |0.118 |0.0077

15 | Phosphorus |2.142 [0.153 |[0.128
17 | Chlorine 2.822 10.238 (0.202 |0.201 |[0.0297
18 | Argon 3.200 |0.287 |0.246 |0.244 |0.035
20 | Cdcium 4.038 |0.399 |0.350 |0.346 |0.0471
22 | Titanium 4.966 |0.530 |0.462 |0.456 |[0.0605
24 | Chromium |5.988 |[0.679 |0.584 |0.574 |0.0762
25| Manganese | 6.542 |[0.762 |0.656 |0.644 |0.0817
26 | Iron 7.113 10.849 (0.722 |0.709 |0.0937
28 | Nickel 8.337 [1.02 ]0.877 |0.858 |0.111
40 | Zirconium 17.998 | 2.533 [2.308 |2.224 ]0.432 |0.0516
42 | Molybdenum | 20.003 [ 2.869 |2.630 [2.525 |0.509 [0.0692
54 | Xenon 34.551 |5.448 [5.103 |4.783 [1.14 ]0.208

To eliminate this possibility experimentally, we decided to use the carbon electrodes in the spark
gap. The insulator is made of nylon to eliminate the porcelain,® which could in principle contain
some ferro-electric crystals. We repeated the production of the soft X-rays with this setup under
similar experimental conditions, as has been discussed in this paper. This indicates that the soft X-

5 According to Dr. B. Manning of Champion Co., the porcelain in their spark plug (J12Y) does not contain the
ferro-electric crystals. The spark plug electrodes are made of Ni, Cr, Ma, Si, Ti, Zi aloy and traces of C and Fe;
the ceramic insulator is made of Al203 (~90%), and the glass phase is made of clay containing Ti, Ca, Na, Fe, Zi,
etc., impurities).
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ray production isvery likely related to the gaseous phenomenon and not to the spark gap material,
or to theinsulator properties.

(b) In principle, the hot plasma can excite the X-rays through the "thermal Bremsstrahlung"
phenomenon, which is caused by the electron-ion collisions at extremely high temperatures. It is
necessary to heat the plasma to temperatures between 107 and 108 OK to excite the X-ray spectra
seen in Fig. 9b. We exclude this possibility in our experiment because the predominant radiation
from the spark is in the visible spectrum, and therefore, the average temperatures are very likely
below 104 0K

(c) One also cannot exclude that there is new physics, which goes either in parallel to the theory of
the pinch effect, is driven by it, or even drives it. Refs. 8-12 suggest that both relativistic
Schroedinger and Dirac wave equations allow atoms to have additional energy levels (so called
Deep Dirac levelsor DDL levels, which correspond to electron orbits close to the nucleus). Indeed,
if such atomic levels exist then the plasma environment of the spark may be an ideal place to excite
such transitions, because of a large number of ions and energetic electrons involved. A free
energetic electron, perhaps even driven by the pinch effect, may enter an ion with such a velocity
that it is captured by the new DDL atomic energy level. During such entry to the DDL level, the
electron will radiate the Bremsstrahlung spectrum involving many photons, some of them would
be X-rays (for example, the total energy released for hydrogen is close to ~509keV). One should
mention that we have not observed any peaksin the X-ray energy distributions.

So far, we have not established proof that the DDL atoms exist. However, we continue this
search and have finished building alarger detector capable of detecting soft X-rays over alarger
solid angle. The aim of this search is two-fold: (a) to verify that the X-ray production is indeed
isotropic, which must be an essential characteristic of the DDL atomic transitions (as opposed to
the pinch effect), (b) to make a better estimate of the total energy sum per single event.

One may apply the results of this work to explain the soft X-ray spectra from various stars. For
example, Fig. 15a shows a recent astronomical data of the X-ray flux originating from an object
called PKS2155-304 as measured by the BeppoSAX satellite, equipped with the soft X-ray
detectors [13]. Fig.15b shows the background spectrum from the Crab Nebula, which is used for
normalization. Ref.13 speculates that the origin of these spectra is the Synchrotron emission.
However, it is possible to explain, at least in principle, that the shape of the spectrum showed in
Fig.15a is made of a composition of spectra similar to those shown in Fig. 9b from many
contributing elements, i.e., using the plasma processes similar to those investigated by this work,
asthe origin of the soft X-rays from these objects.
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Fig. 15. (a) The recent astronomical data of the X-ray flux originating from an object called PK S2155-304 as
measured by the BeppoSAX satellite, equipped with the soft X-ray detectors[8]; (b) the same for the CRAB
Nebula, which is used for the normalization purposein (a).

CONCLUSIONS

1. We observe the production of soft X-rays of energy 2-10keV by sparking in hydrogen, air,
nitrogen, argon, and xenon gases at low pressure with a sparking voltage as low as 0.8-1.6kV.

2. The X-ray events appear to come in clusters, with an average mean multiplicity of 3 per event
into the solid angle of our long drift detector. The extrapolated production into a4 1t-solid angle
is more than ~1500 pul ses, assuming the isotropic distribution.

3. The X-ray pulse height spectrain al tested gases have similar shapes resembling a power law
distribution between 2 and 10 keV. Using the range method, the average measured X-ray
energy is about 4keV.

4. The X-ray production threshold depends on E/p of the spark chamber gas. The threshold value
increases as the gas Z increases.

5. The X-ray production persists even for the carbon e ectrodes; this would appear to eliminate the
theory that electrode atoms are responsible for X-ray production.

6. We calculate that the probability to produce an X-ray event per one electron in agiven spark is
less than ~5x10-16, To observe this phenomenon, one needs very large currents. One would
not see it with electrons from an ordinary (3-source.

7. The paper also suggest that the observed X-rays could originate, at least partially, from anew
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process, where energetic free electrons enter ions, and are captured on the DDL levels[8-12],
radiating the Bremsstrahlung spectrum involving many photons.

8. If our results are due to the pinch effect, we are then observing the pinch effect phenomenon at
the smallest spark energy reported so far in the literature, i.e., we are investigating its threshold
behavior.
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ABSTRACT

We present preliminary results from a test beam run of CLEO III RICH modules. The system
consists of LiF radiators and multiwire proportional chambers containing a mixture of CH, and
TEA gases. The radiators were both flat and “sawtooth.” The data were taken in a beam dump at
Fermilab. We will discuss the chamber stability, electronics, the number of photons observed for

both radiators, the angular resolution per photon and the angular resolution per track.
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1 Description of the CLEO III RICH System

The CLEO III RICH is based on the ‘proximity focusing’ approach, in which the Cherenkov cone
is simply let to expand in a volume filled with gas transparent to ultraviolet (UV) light before
intersecting the detector surface where the coordinates of the Cherenkov photons are reconstructed.
The components of our system are illustrated in Fig. 1. They consist of a LiF radiator, providing
UV photons, an expansion region, and a photosensitive detector. The angle 8, is the polar angle of
the incident particle with respect to the radiator normal, 6 is the Cherenkov angle and ¢ specifies
the azimuthal angle of the Cherenkov photons. Our system is based on the one developed by the
College de France-Strasbourg group [1].

Incident Hadron

Figure 1: Schematic diagram of LiF-TEA RICH system.

The photosensitive detector is really the starting point for the system design. We chose a
multiwire proportional chamber filled with a mixture of Triethylamine (TEA) gas and Methane
because it has good quantum efficiency (up to 35%) in a narrow wavelength interval between 135-
165 nm, and an absorption length of only 1/2 mm. Other choices such as TMAE gas or phototubes
would have taken most of our allotted 16 cm of radial space, and thus not allowed a full size detector
to be constructed. Other solutions such as DIRC [2] were not feasible due to the existing detector
iron and the desire to limit the detector thickness to less than 12% of a radiation length.

The position of Cherenkov photons is measured by sensing the induced charge on array of 7.6
mm x 8.0 mm pads. Since the pulse height distribution from single photons is exponential, this
requires the use of low noise electronics. A dedicated VLSI chip, called VA_RICH, based on a
very successful chip developed for solid state applications, has been designed and produced for our
application at IDE AS, Norway. We have fully characterized hundreds of 64 channel chips, mounted

on hybrid circuits. For moderate values of the input capacitance C}, the equivalent noise charge
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measured ENC' is found to be about:
ENC =130e” + (9¢ /pF) x Cyp, . (1)

Its dynamic range is between 450,000 and 900,000 electrons, depending upon whether we choose a
bias point for the output buffer suitable for signals of positive or negative polarity or we shift this
bias point to have the maximum dynamic range for signals of a single polarity.

Two VA_RICH chips are mounted on a hybrid circuit. These are attached via miniature con-
nectors to the back of the cathode board of the photon detectors. We group 5 hybrids (10 chips)
into a single readout cell cabled to data boards located in VME crates just outside the detector
cylinder. Chips in the same readout cell share the same control signals and bias lines from the data
boards and output lines from the hybrid to the detector.

The analog output of the VA_RICH is transmitted to the data boards as a differential current,
transformed into a voltage by transimpedance amplifiers and digitized by a 12 bit differential
ADC. These receivers are part of complex data boards which perform several important analog
and digital functions. Each board contains 15 digitization circuits and three analog power supply
sections providing the voltages and currents to bias the chips, and calibration circuitry. The digital
component of these boards contains a sparsification circuit, an event buffer, memory to store the
pedestal values, and the interface to the VME cpu.

If a track is incident normal to a LiF radiator no light is emitted in the wavelength range that
can be detected by TEA, due to total internal reflection. A full system for CLEQO, therefore, would
require that the radiators be tilted until the track angles are about 15°. This causes several serious
problems. One is the difficulty in accurate radiator mounting. More importantly, some of the light
from one radiator must traverse through another radiator resulting in lost light and reconstruction
problems. To eliminate these problems a novel radiator geometry has been proposed [3]. It involves
cutting the outer surface of the radiator with a profile resembling the teeth of a saw, and therefore
it is referred to as a “sawtooth radiator” [3]. The major advantage of this configuration is that it
reduces the losses of photons due to total internal reflection at the interface between the radiator
and the expansion region. It also turns out that the angular resolution per photoelectron is greatly
decreased [4].

A crystal profile with teeth about 4 mm deep in a plate of 12 mm thickness is a good compromise
between uniformity in light output, and cost. A detailed simulation has shown that a tooth angle
of 42° is close to optimal and technically feasible. Fig. 2 summarizes the results of this study, which
focuses on particles with p = 2.8 GeV/c. The mean number of reconstructed photoelectrons, N,
Cherenkov angle resolution per photon, Cherenkov angle resolution per track, and the probability
for a 7 to fake a K are plotted as a function of the angle # between the charged particle and the

normal to the radiator inner surface.
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Figure 2: Performance of the sawtooth radiator as a function of the incident track angle. (Normal
incidence is described by cos(f) of 0.) The curves are parametrized by the sawtooth angle: (a) The
average number of detected photoelectrons, (b) The angular resolution per photon, (¢) the angular
resolution per track as a function of incident track angle, (d) the probability for a 2.8 GeV/c 7 to
fake a K for 95% 7 detection efficiency.

The fake rates shown in Fig. 2(d) can be estimated accurately for the plane radiator by using the
12.8 mr Cherenkov angle separation coupled with the estimated resolution per track. However, such
a procedure is far too optimistic in the case of the sawtooth radiator. The cause of the worsening
of the fake rate is the that the image pattern of the photons is not described by a single curve
as in the case of the plane radiator. In fact the image has two main branches and two secondary
branches which contain <10% of the photons. The predicted image pattern for tracks normally
incident on a sawtooth is shown in Fig. 3. The possibility for multiple interpretations of a photon
path is responsible for the worsening of the fake rate. In the data analyzed here only the two main
branches are considered.

There are several problems inherent in producing such radiators, including the ability to pre-

cisely cut the LiF without cleaving the material and the ability to polish the surface to yield good
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Figure 3: Cherenkov photon pattern on the detector plane for a track at normal incidence to a
sawtooth radiator. The lense densely populated paths result from a combination of one refraction

and one reflection.

ultraviolet light transmission. Furthermore, the production time and cost need to be reasonable.
We worked with OPTOVAC in North Brookfield Mass. to produce two full sized radiators. A close

up of two sawtooth radiators separated by a plane radiator is shown in Fig. 4.

Figure 4: Two sawtooth radiators separated by a plane radiator. The teeth are aligned perpendic-

ular to one other in this test beam setup.

Transparency measurements for the two sawtooth radiators have been made relative to a plane
polished sample of LiF'. The transmissions for both pieces are very good. One exceeded the normally
polished sample by 10% while the other was equal to it. The measurements for the better sample

are shown in Fig. 5.
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conventional techniques at 157 nm. The top curve is for the left side of the 19 teeth and the bottom

curve is for the right side.

A sketch of a photon detector module is shown in Fig. 6. The MWPC anode wires run the
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Figure 6: A cross-section of one RICH photon detection module.

entire length of the detector, approximately 2.5 m. They are supported every 30 cm by a ceramic
spacer. The CaF, window joints are placed directly on top of these spacers to minimize the loss of
photon acceptance.

A fully constructed module RICH photon detector module is shown in Fig. 7. It is mounted on
a strongback, which is removed after assembly into the chamber holding structure. Construction

of these chambers proceeded after successful prototype testing [5].

2 Test Beam Results

Two completed CLEO III RICH modules were taken to Fermilab and exposed to high energy muons
(> 100 GeV/¢) emerging from a beam dump. The modules were mounted in a leak tight aluminum
box with exactly the same scheme as we will use in the final detector. Two sets of wire chambers
were set up in the beam line to provide track direction and there were scintillators to provide a

trigger. The data acquisition system was a prototype for the final CLEO system.
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Figure 7: One of the 30 needed photon detector modules.

Beam conditions were much worse than expected. The particle flux was ten times higher than
anticipated, due in large part to the experimenters in front of us lowering their magnetic field. In
addition there was a large neutron background. We survived by receiving dedicated beam time
at much lower intensity. Still the background conditions and particle fluxes are much higher than
we expect in CLEO by about two orders of magnitude and we don’t expect significant neutron
background in CLEO.

For this test we read out every channel in every event. This proved to be quite useful because we
found a rather large coherent noise component of about 1000 electrons whose source was imperfect
grounding of the system and noisy switched power supplies in the DAQ crates. (These will be
replaced in the final system.) However, we removed virtually all of the coherent noise by averaging
the non-hit channels on each hybrid card and generating an event-by-event pedestal correction.
We became so enamored of this procedure that we are adapting it in the final CLEO data boards.
Thus our final noise value is approximately 400 e~ r.m.s. per channel. Furthermore, this trick will
probably be used to lower noise in the Csl calorimeter system and will possibly be used for the
silicon vertex detector.

The pulse-height distribution of candidate photon pad clusters after a 50 cut above the noise
is shown in Fig. 8(a). The distribution has been background subtracted. The pulse-heights follow
an exponential distribution as expected. Fitting the slope provides a measurement of the gain;
actually the fraction of the gain seen on the pad plane. We call this the pad gain. The pulse-height
distribution for the charge tracks is much higher.

The number of observed photons as a function of pad gain, uncorrected for background, is shown

in Fig. 8(b). Our operating point for these tests is a pad gain of about 40,000 and is on plateau.
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Figure 8: (a)The pulse height distribution for hits 50 above noise from photon candidate clusters.

(b) The number of observed photons, including background, as a function of pad gain.

For the plane radiator, we were able to configure the detector so that the photon pattern would
appear only in one chamber. For the sawtooth radiator we would have needed three chambers to
fully contain the image. Sample images from the plane and sawtooth radiators are shown in Fig. 9.
Here the track was incident at 30° to the plane radiator and zero degrees for the sawtooth.

The best way to ascertain the expected performance is to first view the number of photons and
the angular resolution per photon. In Fig. 10(left) we show the Cherenkov angle for all photons
from many tracks. Fitting to a Gaussian with an asymmetric tail and quadratic background gives
an angular resolution per photon of about 13.54+0.2 mr and a background of 8.8%. The asymmetric
tail is due to the chromatic error [7].

Our Monte Carlo simulation includes information on CH4-TEA quantum efficiency as a function
of wavelength, crystal transmissions, etc... The background under the single photon peak has been
modeled and included in our simulation. We think the background is mostly due to out of time
tracks and that the background level in CLEO will be much smaller. The Monte Carlo simulation is
in good agreement with the angular resolution per photon, and, after being adjusted to yield more
photons, is also in good agreement with the photon distribution. From these data we can estimate
the expected resolution per track, and compare to what we measure. The results presented here
are preliminary; we have more data to analyze and the reconstruction algorithms are undergoing
improvement.

Fig. 10(right) shows the number of detected photons per track, before background subtraction.
The average number, after background subtraction, is approximately 14. Including some smearing

from the background, we estimate the final average resolution per track to be 3.9 mr. However,
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Figure 9: Single event images from the plane (top) and sawtooth (bottom) radiators. The light
yellow points are where photons are expected to hit the detector plane. The green and blue points
are photon hits and the crosses mark the reconstructed photon positions. The red point between

the two arcs of the lower images shows the charged track impact point.

we have not included any error from the tracking system. Monte Carlo simulation of our tracking
system shows that it contributes a 2.3 mr r.m.s. error [6]. Thus we expect a resolution of 4.5 mr
on the Cherenkov angle per track, which is what we observe in Fig. 11. Most of the tracking error
contribution comes from inaccurate prediction of the impact point of the track on the radiator,
rather than a poorly determined track angle. We expect this to be substantially better in CLEO
[T, and thus expect to achieve our goal of 4.2 mr resolution. The pion momentum distribution
from B° — 77~ is a box shaped spectrum from 2.5 to 2.8 GeV/c, spread by the Doppler shift
due to the B momentum. The angular separation between K and 7 at 2.8 GeV/c is 12.8 mr. Thus
4.2 mr resolution will provide better than 30 K/ separation for all B decays [8].

In Fig. 12 and Fig. 13 we show similar plots for the sawtooth radiator. We see the expected
improvement in angular resolution per photon of 11.840.2 mr. Here the Monte Carlo predicts a
slightly better resolution. The number of observed photons is approximately 13.5. The measured
Cherenkov angular resolution per track is 4.840.05 mr. The Monte Carlo prediction is 4.1 mr. We
are not sure of the sources of this disagreement but it is possible that the crystal alignment is not
adequate or that we do not know the sawtooth angle precisely enough. The number of photons

needs to be corrected upwards by a factor of 1.7 since we do not have complete acceptance for
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Figure 10: Results from test beam studies compared with Monte Carlo simulation for a plane
radiator with tracks at 30° incidence. (left) The Cherenkov angle of each photon for a sum over

many tracks. (right) The number of photons for each track.

both branches of the sawtooth image. For full acceptance we calculate 20 photons on average, after
removing the 9% background. The sawtooth radiators work and we will use them for 3/7 of the

detector, which covers 5/8 of the available solid angle.

3 Conclusions

Fig. 14 shows the measured resolution per track for the plane and sawtooth radiators as a function of
the background subtracted number of photons detected. The curves are fits to the parameterization
(a/ \/ﬁ)2 + b?. Unfortunately, the parameters a and b have no relevant meaning since their errors
are completely anti-correlated.

Table 1 summaries the achieved and predicted track resolutions.

Table 1: Track resolutions (mr)

Radiator Data Monte Carlof  MC no background CLEO

& no tracking errors expectations
plane (30°) 4.5+0.07 4.5 3.9 4.0
sawtooth (0°) 4.840.05 4.1 3.8 2.9-3.8

1 Statistical errors on the Monte Carlo samples are +0.04 mr.

These data though preliminary show that we have a good understanding of the system and

10
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Figure 11: The Cherenkov angular resolution per track for a plane radiator with tracks at 30°

incidence.

we can expect the predicted levels of efficiency versus rejection in CLEO III. Furthermore, the
chambers held voltage, the electronics functioned, and the gas system worked, in much more difficult
environment than will be present in CLEO. We have data for several additional incident angles
for both plane and sawtooth radiators. After we have analyzed these data and understood the

systematic errors in more detail, we will present more complete results in a later publication.
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ABSTRACT
The history, present situation and prospects on electron multiplication and secondary
scintillation in liquid xenon and their application to radiation detectors are shortly
discussed.

1 Introduction

Proportional charge multiplication and secondary scintillation are two effects of
great importance for radiation detection. Intrinsic amplification in a detector, which
becomes possible thanks to these mechanisms, notably improves the detector performance.
Apart from reducing requirements to the front end electronics, the intrinsic amplification
results in significant increase of signal-to-noise ratio and, as a consequence, allows the
detection of particles that deposit in the detector very low energy with good energy
resolution. Moreover, the influence of positive ions, produced by an ionizing particle along
its track, on the signal amplitude can be neglected. The essence of proportional
multiplication is that electrons, drifting in a strong electric field, gain enough energy to
ionize the atoms and/or molecules of the medium. Overall, every primary electron can
produce thousands of secondary electrons. Thus, yielding a total collected charge at the
detector output proportional to the ionization charge (energy deposit) produced by the
incoming particle.

Typicaly, the practical electric field threshold for achieving charge multiplication in
gas is E/p>5to 10 V/cm/Torr (E/N >1.4x10™*° Vcm®?), where E is the electric field
strength, N the number of atoms/molecules of the gas per cubic centimeter and p the
pressure.

Secondary scintillation does not require such a high field as charge multiplication of
the charge as the drifting electrons do not ionize the gas but just excite its atoms. The
threshold field for secondary scintillation in noble gases is about E/p~1 V/cm/Torr
(E/N~3x10™"" Vem?). The scintillation light, mostly UV or VUV, emitted is commonly
detected by photomultiplier tubes. One drifting electron can produce up to hundreds of



photons reaching the photomultiplier, resulting in tens to hundreds of photoelectrons
emitted from the photocathode. Employing the secondary scintillation allows very good
energy resolution to be achieved as the statistics of charge multiplication is avoided.

In general, excitation of the gas by drifting electrons always precedes charge
multiplication. In proportional counters, however, the light emission plays a negative role.
It may giveriseto electric discharges due to possible photoel ectric emission of electrons at
the cathode thus resulting in positive feedback in the chamber. Therefore, quenching
admixtures are usually added to the main detecting gas, in order to suppress the light
emission or shorten its mean free path, thus allowing to achieve higher charge gains. For
example, in gaseous xenon, which is the most efficient g-ray absorber, an order of
magnitude higher gain can be achieved with Xe/CH, mixture than with pure xenon [1].
Conversely, employing secondary scintillation requires the gas to be pure. It is very
important to keep in mind this point when one considers the possibility of electron
multiplication or secondary scintillation in liquid xenon as the purity requirements in the
liquid are much more severe than in the gas. Concentration of electronegative impurities of
~10 ppb (oxygen equivalent) limits the electron life time to afew ms and is not acceptable
for many applications.

Liquid xenon detectors were recently proposed for various applications. as
electromagnetic calorimeters for high energy physics [2,3], for gamma ray detection in
astronomy [4], as atime projection chamber for particle physics experiments [5], imaging
detectors for nuclear medicine [6,7]. These detectors work either in ionization or in primary
scintillation mode or combine both of them, i.e. with no intrinsic amplification in the
chamber. However, even amoderate charge amplification is highly desirable. Thisjustifies
the efforts that were and are being made in order to study the possibility of achieving both
multiplication and secondary scintillation in liquid xenon detectors, which is the subject we
shall discuss below.

2 Historical survey

The first observations of the electron multiplication in condensed noble gases were
reported 50 years ago by Hutchinson [8]. Twenty years later, in the beginning of the 70s, a
detail investigation of multiplication in liquid xenon in view of possible applications for
radiation detection was initiated by L.W.Alvarez and carried out independently in several
laboratories [9-12]. The ultimate goal of replacing the gasin the proportional chamber with
aliquefied noble gas was to improve the position resolution. Indeed, increasing the density
of the detecting medium would result in an increase of the number of ion pairs produced by
aminimum ionizing particle within the detector, thus allowing a more accurate definition of



the center of gravity of the electron distribution and, therefore, better localization. In
addition, thisis accompanied by the suppression of electron diffusion and delta-ray range.
Furthermore, the decrease of the detector thickness decreases the localization uncertainty
due to parallax. Alternatively, sacrificing spatial resolution, a thick chamber can be
produced providing high detection efficiency of g-rays.

A maximum gain of about 200 has been obtained in a liquid xenon single wire
cylindrical proportional chamber with very thin anode wires using as a radioactive source
either an internal °’Bi, which emits conversion electrons and g-rays of energy of about
0.5MeV and 1 MeV, or an external g-ray source >'Cs (662 keV) or 2°’Hg (85 keV and
279 keV). It was found that multiplication in the liquid occurs at E/N significantly lower
than one could expect from a simple extrapolation of the data obtained in gaseous xenon to
the liquid densities. Nevertheless, wires of 3 to 5 mm diameter are required to obtain
electric field strengths of ~1 MV/cm near the anode surface at the applied voltage of several
kV. An energy resolution of about 22%, fwhm, was measured for 279 keV g-rays with
the 3.5 mm wire at gain of 10 [10]. The resolution becomes worse at higher gains. A poor
energy resolution roots, apparently, in the non-uniformity of the wire diameter and
probable irregularities on its surface (one can roughly estimate that variations of the
diameter of 1% can cause differencesin the gain of ~30%).

Chambers of 6 to 10 mm cathode diameter were experimented by different authors
[9-12]. A saturation of the charge pulse amplitude after reaching a gain of ~200 due to
accumulation of positive space charge near the wire was observed. For example, a
reduction of the count rate from 2000 to 200 s resulted in an increase of the saturation
amplitude by afactor of 3 [10] (for the cathode diameter of 8 mm), showing that the low
mobility of positiveionsin liquid xenon constitutes areal problem for the practical use of
the electron multiplication.

The first Townsend coefficient, a, was computed by fitting the experimental data
with 9 adjusting parameters [10]. It was found to be 27 times larger than it would be in
gaseous xenon with the same density showing that liquid xenon is not just a compressed
gas. The maximum reported value of a=(4.47+0.26)x10" cm™ was obtained at
E=2 MV/cm. The results were, however, questioned by T.Doke, since the fit does not
converge to the right W-value and recombination constant [13]. The coefficient awas also
derived by Prunier et al. [11] from independent measurements. The values reported were
close to those obtained by Derenzo et al. at fields above ~0.8 MV/cm, but the W-value
suffers from the same inconsistency with other data.



An attempt to build a multiwire proportional chamber has been undertaken [14].
However, much higher voltages were required to reach the same gain asin a single wire
counter and, practicaly, it was difficult to operate the chamber at a gain higher than 10.

Such thin wires are very difficult to handle; they can be easily damaged by electrica
discharges. In addition, the electrostatic repulsion between the wires in a multiwire
chamber is so strong that frequently leads to breaking the wires, just due to application of a
high voltage, and special means (wires interlaced with quartz fibers) were necessary to
keep the wires in a plane. Thus, although the first results were very promising and
significant and reproducible multiplication of electronsin liquid xenon has been obtained,
the technical difficulties associated to practical applications are such that this line of research
was practically abandoned.

Secondary scintillation of liquid xenon has been first observed by Dolgoshein et al.
[15] in auniform electric field. The threshold field was found to be ~100 kV/cm. Later, it
was studied by a Japanese group [16, 17] in a cylindrical geometry with wires of 4 to
20 mm diameter. Although, the authors do not present the absolute number of photons
emitted, one can roughly estimate it to be ~10 to ~100 photons per primary electron,
depending on the applied voltage, for the 4 mm anode wire. The lowest value corresponds
to avoltage at which thereis essentially no charge multiplication while the highest one was
obtained for a charge gain of ~50 was observed.

Assuming the same linear relationship between the number of photons per electron
and the electric field strength, found for gas, the authors made afit to the measured data
and found the threshold field for secondary scintillation in liquid xenon to be surprisingly
high. A value ranging from 400 kV/cm to 700 kV/cm was derived, which is much larger
than the one previously obtained [15] and very close to the field at which the electron
multiplication occurs. However, these figures are consistent with the value calculated
considering liquid xenon as compressed gas at 520 bar.

Proportional scintillation could also be observed with thicker wires. With the wire
of 20 mm diameter, ~5 photons per electron are emitted at an anode voltage of 5kV, as
estimated by T.Doke [18] (our estimate, using the same method as above and taking into
account the scintillation light yield for liquid xenon measured in [19], gives the value of
~20 photons per primary electron). For a 50 mm wire, the figure of 230 photons per
electron was estimated to be achievable at the anode voltage of 12 kV [20].

However, the energy resolution as good as expected has not been obtained. It was
measured to be about 16-20% for 1 MeV electrons, amost independently of the wire
diameter [16]. The same 16% resol ution was also obtained when the chamber was operated
in ionization mode. The authors attribute this fact to imperfect charge collection onto the



wirein that particular chamber geometry. In a better geometry, the resolution of 15% was
measured for apha-particles [17]. In order to compare this value to that obtained with
electrons, one should take into account that due to high ionization density along the
alpha-particle track in liquid xenon, only a few percent of the electrons escape the
recombination in the field of ~10 kV/cm. Thus, the number of electrons collected onto the
anode wire in this experiment corresponds to an energy deposition of ~250 keV by a
minimum ionizing particle. To our knowledge, there are no other experimental results
published in the literature showing that a better energy resolution has be achieved.

Secondary scintillation was used in aliquid xenon drift chamber built for precise
localization of charged particles (20 mm, r.m.s.) [17] or annihilation g-rays (0.9 mm,
fwhm) [21]. Recently, a liquid xenon detector was developed for detection of WIMP's
(Weak Interacting Massive Particles) [22]. Detection of the xenon primary and secondary
scintillation from the same event allows to discriminate the background, mainly due to
minimum ionizing particles, and to detect the recoil nuclei with high signal-to-noise ratio.
Secondary scintillation, with an increase in the photon yield relatively to the primary
scintillation by a factor of 10 (for 122 keV g-rays; 4.5 mm wire), was measured and the
information obtained allowed the design of a prototype of a 700 cm® chamber. To our
knowledge, thisisthe first reasonably sized device designed with the specific aim of using
intrinsic gains with liquid xenon, towards awell defined physics experiment.

3 Charge multiplication with new microstructures

The development of new microstructures, such as microstrip and microgap
chambers, refreshed the interest for electron multiplication in liquid xenon. Indeed, not
only such devices can be made with anode strips of several micrometers width and thus
substitute thin fragile wires, but also the short anode to cathode distance allows the fast
collection of positive ions. It is interesting to note that the advantage of such a kind of
device was recognized more than 20 years ago: the “development of a practical
high-resolution chamber of large size requires replacement of the stretched fine wires by
conductive strips laid down on an insulating substrate” [9].



The electron multiplication in a microstrip plate (MS) has been observed in liquid
xenon by us and is reported in the literature [23]. A plate of ILL-6C type was used for the
measurements. It has anode strips of 8 mm width, cathodes of 400 mm width and
1000 mm anode pitch. The strips, made of nickel, are deposited on Desag D236 glass
(Fig.1). An Am alpha-source of 4 mm diameter was deposited on the drift electrode
1.9 mm away from the MS plate surface and parallel to it. All the anode strips were
connected together, aswell as all the cathodes. The negative voltage was applied to the drift
electrode; cathodes were kept at the ground potential and a positive voltage applied to the
anodes. Three signals were read from the chamber with low-noise charge-sensitive
preamplifiers: at the anode strips, at the cathodes and at the drift electrode. The latter
allowed to account for the recombination along the alpha-particle track which is afunction
of the drift field strength.

<<
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Fig.1 Schematic drawing of the liquid xenon chamber with a microstrip plate

The chamber was filled with carefully purified liquid xenon and cooled down to the
temperature of about -60°C being immersed into an ethanol bath cooled with liquid
nitrogen.

With an increase of the anode voltage above 600 V (at constant drift voltage), the
amplitude of the anode signals, normalized to those taken at the drift electrode (i.e.,
corrected for the charge yield from the particle track), started to rise while the signals at the
cathode strips changes the polarity (Fig.2). The amplitude of the signals was determined as
the position of the corresponding peak on the amplitude spectrum.



The interpretation of this plot is as follows. As the alpha-particle range in liquid
xenon is of the order of tens of microns and the drifting electron cloud is broadened due to
diffusion by ~100 mm, i.e. comparable with the distance between the cathode edge and the
anode, and the source diameter is larger than the M S plate pitch, two possibilities may arise
at low fields. First, the electrons extracted from each track can be collected almost totally
either to the cathodes or to the anode strips, thus inducing negative charge signals with the
amplitude equal to 1 (inverted in Fig.2) on the corresponding electrode. Second, the
drifting charge can be split between the electrodes and this is the case for the anode
potential <200V at which the amplitude of the anode signal varies with the applied

Aa/Ad, Ac/Ad, a.u.

0 200 400 600 800 1000 1200 1400

Anode voltage Va, V
Fig.2 Anode and cathode signal amplitudes as a function of anode voltage [23].
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voltage. An increase of the anode potential to 500 V results in complete charge collection to
the anodes; the count rate at the anodes aso increases at the cost of that observed at the
cathodes; when the drifting chargeis split, most of it is collected onto the anode strips, also
yielding a decrease of the amplitude of the cathode signals. Up to this voltage, the results
are fully explainable on the basis of collection conditions of the drifting electrons.

As one increases the anode voltage above 600 V, the electron multiplication starts.
We observe both an exponentia rise of the anode amplitude and the appearance of inverted
pulses on the cathodes, induced by positive ions created near the anode surface and drifting
towards the cathodes. The inequality of the amplitudes of the signals observed at the
anodes and cathodes is, apparently, due to the long ion drift time estimated to be ~100 ms
for the distance of 300 mm. Such long signals could not be measured correctly with our
electronics. At the intermediate anode voltages, between 500 and 800 V, the signals of
both polarities at the cathode strips could be observed with an oscilloscope, some of them



related with the collection of the electrons from the particle track to the cathodes while
others being induced by those collected to the anode where the multiplication occurred.

At higher drift voltage, higher maximum multiplication gain could be achieved. At
-2600 V applied to the drift electrode, we measured the gain of about 10 at the anode
voltage of 1700 V. It was the highest voltage that we could apply to the anode. Further
voltage increase resulted in unstable behavior and discharges.

The collection time of the positive ionsin the MS chamber filled with liquid xenon
is till long. It can be eventually reduced several times by using a plate with smaller
distance between the anode and cathode strips. A more radical solution isto use a microgap
chamber (MGC) instead. In this chamber, the anode strips are separated from the cathode
plane by a thin insulating layer so that the drift path of the ions can be made of a few
microns. In addition, a higher field strength at the anode surface is expected to be achieved
at lower anode voltage. Therefore, we also experimented an MGC chamber produced in
Delft Technical University [24] in liquid xenon. The experimental set-up and working
conditions were essentially the same as for the MS chamber. However, discharges at anode
voltage as low as 450 V did not allow to achieve the field strength at which the electron
multiplication might possibly occur.

The MS plates and MGC chambers, in general advantageous when compared to
wire chambers, have however one drawback: the existence of a dielectric surface
supporting the electrodes significantly limits the operating voltage as it favors the
occurrence of surface discharges. One could think about producing a substrate with a
specia profile in order to reduce the tangential component of the electric field at the
dielectric surface (the leak microstructure [25] is an example) but it complicates the design
and such a device can become too “bulky” for some applications (this is the case of the
liquid xenon detector for PET, for instance [7], where the dead volume in the chamber has
to be minimized).



A new microstructure, the so called “virtual cathode chamber”, which has recently
been suggested for gasfilled proportional detectors [26], may be an interesting option for a
liquid xenon detector, as well. It attracts by the simplicity of the design and by having a
bulk insulator (substrate) between the anode strips and the cathode layer deposited on the
opposite side of the substrate (Fig.3) thus avoiding discharges.

In order to assess the possibility of charge multiplication with this device, we
performed calculations of the electric field and the multiplication gain for the chamber
shown in fig.3 and for various sets of potentials at the drift electrode and the cathode plane,
assuming the anode strips to be kept at the ground potential. The field configuration
obtained for Vg=-2000V and V¢=-1800V is shown in Fig.4. The calculations show

that the field strength of >1 MV/cm, necessary for multiplication in liquid xenon, can be

T

'Vd

I |

\

l 1 mm

-V

2 mm

C
Fig.3 Virtual cathode chamber configuration considered in calculations. Selected central
area corresponds to that shown in Fig.4.

achieved along afew mm close to the surface of the anode strip. Moreover, near the anode,
the field varies with the distance much slower than ~1/r, typical of cylindrical geometry,
thus being more favorable for the multiplication. We have found that the multiplication
region of several micrometers is expected to result into a total gain of ~100 or higher.
However, one should remember that since the multiplication is an exponential process, a
small uncertainty in the first Townsend coefficient, which we took from [10], may lead to a
significant error in the calculated gain. Nevertheless, even being pessimistic we believe that
the considered microstructure has good prospects in what concerns both charge
multiplication and secondary scintillation.
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Fig.4 Field configuration in the drift region of the virtual cathode chamber shown in fig.3
with V,=-1800V and - V= -2000 V. Dimensions shown in the figure are in mm.

4 Conclusion

The possibility of taking profit from electron multiplication and secondary
scintillation in liquid xenon radiation detectors, that were observed over 20 years ago and,
at that time, did not find any practical applications due to technical difficulties, should be
reconsidered, in view of the recent development of new reliable and easy to handle
microstructures. The existing data, however, are contradictory and, therefore, additional
studies of the multiplication and secondary scintillation processes are required.
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