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Abstract

A transition radiation detector to identify electrons at 90% efficiency with a rejection factor against pions of 10° on an
area of 2.85 x 2.85m” has been constructed for the NOMAD experiment. Each of its 9 modules includes a 315 plastic foil
radiator and a detector plane of 176 vertical straw tubes filled with a xenon-methane gas mixture. Details of the design,
construction and operation of the detector are given. © 1998 Elsevier Science B.V. All rights reserved.

PACS: 29.40.Ym; 07.85.Yk; 14.60.Pq
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1. The NOMAD experiment

NOMAD [1] is a search for v, — v, oscillations
in the wide-band neutrino beam of the CERN SPS.
The appearance of v, will be detected through their
charged-current interactions that have to be extracted
from a background of about 1.5 x 10° v, charged-
current and neutral-current interactions. As the
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selection of 7~ decays relies upon kinematical criteria
applied to the reconstructed events, a low density
active target is used for accurate measurements of
the interaction products. This gives the possibility to
reconstruct electron tracks.

The semileptonic decay of a t~ into an electron
T~ —e 4 V. + v is one of the most sensitive sig-
natures for the neutrino oscillation search, provided
a rejection factor of at least 10° is achieved against
pions when identifying electrons. This rejection
factor is needed to eliminate neutral-current back-
ground events in which an isolated pion simulates an
electron.
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Fig. 1. Schematic side view of the NOMAD detector.

The central part of the NOMAD detector is housed
in a magnet of internal dimensions 7.1 x 3.5 x 3.5m’?
(the former UA1 magnet). The magnetic field, hori-
zontal and perpendicular to the beam direction, is set
to 0.4 T. Most of the space is taken by a set of drift
chambers, which act both as the neutrino target and
as a tracking detector. Downstream of the drift cham-
bers are placed the electron detectors: a transition
radiation detector (TRD), located between two trig-
ger planes, followed by a preshower and a lead-glass
calorimeter (see Fig. 1). A muon detector system is
set up behind the magnet. The whole apparatus is
described in Ref. [2].

The NOMAD TRD was designed to identify elec-
trons with 90% efficiency while providing a pion
rejection factor of 10° in a momentum range 1 to
50GeV/c. In conjunction with the preshower and
the electromagnetic calorimeter downstream of the
TRD, a total rejection factor of 10° against pions is
reached since the rejection factors from the TRD and
calorimeter systems are to first order multiplicative.

The TRD is made of individual modules, consist-
ing of a radiator followed by a detector plane. Within
the longitudinal space available (154 cm), a total of 9
TRD modules have been implemented, interspersed
with 5 drift chambers to measure the tracks through
the TRD up to the calorimeter.

The total amount of material within a TRD mod-
ule (mostly that of its radiator) was limited to 0.01
radiation length (X;) so that there is at most 0.02.X,
between two drift chambers in the TRD section. In
addition, the bulk of the detector frame had to be
minimized in the mechanical design to keep a large
active area.

The rejection factor required and the dimensions
of its active area (2.85 x 2.85 m”) make the NOMAD
TRD one of the largest TRD with high pion rejection
ever built [3].

2. The design of the TRD detector
2.1. General principles

The transition radiation effect [4,5] is an efficient
way to separate electrons from other charged particles
in the NOMAD momentum range.

Transition radiation (TR) is produced by charged
particles crossing boundaries between media of
different electron densities. The TR energy radiated
at an interface and the number of TR photons
are proportional to the Lorentz factor y=£/m of
the particle, so this effect can be used for particle
identification. However, the emission probability of
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Fig. 2. Left: Absorption length of photons in various rare gases as a function of photon energy. Right: Transition radiation spectrum
pmduced by 5GeV electrons at normal incidence in a NOMAD TRD radiator.

a photon 1s small {of the order of x=1/137) and in
practice a “radiator” with many interfaces is used.
The detectable amount of TR energy is then reduced
by the absorption of the TR photons, which are in the
keV range, in the radiator material and the coherent
effect is limited by dispersions in the regular spacing
of the interfaces [6,7].

To affect minimally the incident particle, a gaseous
detector is chosen to detect the emitted X-rays. The
gas used is xenon which has a high Z and photo-
absorption peaks in the energy range of the TR pho-
tons (see Fig. 2).

Due to the small angle of X-ray emission (~1/}),
the TR energy deposition is mixed with the simulta-
neous ionization loss from the parent particle in the
detector gas. In practice, TRDs detect TR energies
of the same order of magnitude as the accompanying
dE/dx. As an example, a 10 GeV/c electron crossing
a NOMAD radiator at normal incidence produces on
average 3.1 photons of mean energy 14keV. About
1.5 photons of mean energy 8keV are detected,
leading to a detected TR energy of ~12keV. The su-
perimposed 1onization losses of the electron amount
to ~9keV. Due to large fluctuations of both TR
and dE/dx, consecutive measurements are needed to
achieve efficient identification.

The NOMAD TRD consists of 9 identical mod-
ules, each composed of a radiator followed by a
detection plane. A radiator is a set of polypropylene
foils 2.85 x 2.85m? in area. A detection plane con-

Aluminium frame
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15 pm ck oils 16 mm diameter

! aluminized mylar tube

) 30 um, 100 nn Al
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Fig. 3. The pairing of TRD modules and their structure (top view ).

sists of 176 adjacent vertical straw tubes of 16 mm
diameter, operating in the proportional mode with
a Xe—CHy gas mixture. The first 8 modules are paired
into 4 doublets (see Fig. 3). Five tracking drift cham-
bers are embedded in the TRD, one after each doublet
and one after the last module. The following sections
describe the technical choices and the construction of
the TRD.

2.2. The TRD rudiutors

2.2.1. Radiator materials

The best candidates are high density low Z
materials, since photon reabsorption in the radiator
grows like Z*. The best choice would be lithium,
but it is difficult to use in practice and plastics
(CH»), are most convenient to manufacture large
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Fig. 4. Detected response to electrons in a 2 GeV/c test-beam with a foam radiator (left) and with a 500-foil radiator (right). Dotted lines

show the response to pions.

dimensions radiators. They can be used under the
form of foam or fiber blocks (mechanically preferable
as a strong supporting frame is not needed) or, alter-
natively, as a thin foil structure. Studies made in the
past [8] to compare the transition radiation produced
in different forms of radiators have shown that thin
foil radiators are more efficient for a given radiator
thickness.

We have performed several measurements
with test-beams and reached the same conciusions,
although the detection was not optimal due to gas im-

nurities in the nhoton detector. FIG 4 18 an examnle

ities in the photon detector an example
of such a measurement where a polyethylene foam
block of 3.1% radiation length and 235 mm thick was
compared to a 500-foil test radiator containing less
matter (2.3% radiation length and 210mm thick).
The result, 30% more energy detected in the sec-
ond case, clearly favors the foil radiator. We
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In between foils, vacuum would be the best but is
not praticable. We use nitrogen gas which has a rea-
sonably low plasma frequency and is easier to use
than helium for gas-tightness reasons.
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2.2.2. Radiator structure, TRD modularity

Simulation programs [ [9] were used to compute the
number of detected TR photons emerging fro radi-

ators up to 0.01.X, thick with uniformly spaced foils
and a given length. The number of foils, their thick-
ness and the gap were varied. Fig. 5 shows the result
of such a calculation. The effects of foil thickness and
gap dispersions were included in the computations and
the results were checked by test-beam measurements.

As a result of simulation and test-beam studies, the
detector consists of 9 modules, with radiators made of
315 polypropylene foils, each 15 um thick, spaced by
250 pm.

2.3.1. Choice of u straw detector for the transition
radiation

A large planar detector filled with xenon
gas would require a thick window which would ab-
sorb low-energy transition radiation photons There-
lorc lﬂC counter was illdUC 01 VelTlCal Lyll[lurlbdl lUUCb
(“straws”) with 28 um aluminized mylar walls, placed
side by side. The straw diameter, 16 mm, was chosen
to have a high probability for capturing the transi-
tion radiation while keeping the ionization loss due
to the particle crossing the tube at a reasonably low
level.

Cylindrical siraws introduce a variation of the gas
thickness traversed by a particle, depending on track
position. The mean efficiency of a TRD straw plane

has been estimated to ~98.5% for minimum ionizing
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particle tracks. The detector response as a function of
the track position is further discussed in Section 7.2.3.

A vertical or horizontal orientation of the straws
could a priori be considered. The vertical orientation
was preferred for wire electrical stability. The anode

wire should be l{pnt within close distance from the
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straw axis (see Sectlon 2.3.3). An horizontal orien-
tation would have required spacers because of straw
gravitational sagging, thus introducing dead zones
within the active area of the detector.

We have chosen to measure the total energy depo-
sition in the straw detector and to operate the detector
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mode. T “cluster count-
ing” reach the same rejection power as the total en-
ergy deposition method [8]. Using a defined threshold
is however difficult in our case due to space charge
effects, which depend upon the track angle as dis-
cussed later in this paper, whereas charge integration

leaves more flexibility in the off-line treatment.

Detector gas mixture

The gas mixture chosen for the proportional detector
of the TRD is made of 80% Xe, 20% CHy:

o xenon offers the largest absorption cross-section for

the transition radiation photons, as shown in Fig. 2.
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drift time than carbon dioxide, as shown in Fig. 6
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Fig. 6. Total drift time in TRD straws versus the percentage of
CHy4 or CO, in Xenon.

obtained using published data [10] for a constant
gain around 6000 with a 50 pm wire diameter (for
example 20% CH,4 and HV = 2200 V). This shorter

.

drifi time for Xe-CHjy leads to a lesser sensitivity

to impurities such as oxygen or nitrogen.

Our Sh ‘lul 10'“ ha ave s cshown tha Ir\h /electron re-
ns have shown that pion/electron re

/

jection is not significantly influenced tor CH, percent-
age values between 10% and 40%, at constant gain.
The CH,4 percentage of 20% was chosen to keep the
high voltage at a relatively low value.

2.3.3. Swraw wire diameter and mechanical tension

The stability of the central wire in a cylindrical

straw depends on its mechanical tension 7 and on the
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where L is the wire length, R the straw radius and »
the wire radius. If the wire is shifted by 4 from the
straw axis, the amplitude of the wire deflection is
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Table 1
Properties of two different diameters for tungsten wires

H.V. Diam. Needed tension Breaking limit
(V) (um) (g) (g)
1800 20 15 60
2300 50 33 300

We have compared two different wire diameters, 20
and 50 pm, at a gain value of 1.5 x 10*. With a 80%—
20% Xe—CHa gas mixture, that gain was reached at
1800 (2300) V with a 20 (50) um wire, respectively.
Assuming a maximum displacement 4 of 0.5mm
away from the axis, if one requires the deflection 4
not to exceed 0.5 mm, the mechanical tensions needed
for 20 and 50 pm tungsten wires are then 15 and 33 g,
as indicated in Table 1.

As seen from this Table 1, the safety margin is better
with a 50 um wire. As the drift velocity is higher [10],
the sensitivity to impurities is also reduced. The maxi-
mum drift time is 303 ns with a 20 pm wire and 270 ns
with a 50 pm wire. For a 80%-20% Xe-CO, gas
mixture, this difference would have been much larger:
900 ns for a 20 pm wire and 525 ns for a 50 um wire.
One could, in principle, increase the wire diameter
even more. However, in order to limit the high volt-
age, a 50 um diameter gold-plated tungsten wire 3 was
chosen. With a tension of 100 g at 2300 V, its distance
to the straw axis is at most 0.61 mm assuming a shift
A4 of 0.5 mm.

3. The construction of the TRD modules
3.1. Construction of the frames

The frames of the TRD must stand the mechanical
tensions from the TRD radiator foils (315 foils at 2 kg
tension in each direction) and from the straw tubes
(176 straws at 300 g and 176 wires at 100 g).

The frames are made of 4 solid aluminium girders
in which 17 holes are drilled to pull with springs the
radiator tensionning rods terminated by clamps hold-
ing the radiator foils (see Figs. 7 and 8). The top and

3 Gold-plated tungsten 50pm diameter wire Lumalampan
861/60.

bottom girders which support the gas distribution vol-
umes holding the straws are 117 mm thick including
3 mm thick covers. The frames have an internal area of
2930 x 2930 mm*. With the radiators and the straws,
the sagitta of the frames on the 3 m span is less than
1.5 mm.

3.2. Radiators

The spacing of radiator foils should be as regular
as possible not to decrease the amount of emitted
transition radiation. To keep a uniform gap between
foils on their whole area, the polypropylene film is
first embossed with 250 um bumps. Shifted lines of
bumps distant by 50 mm are made every 20 mm.
Bumps amount to 1/1000th of the foil area. A special
machine has been designed and built (see Fig. 9)
to thermoform the bumps by imprinting the form of
steel moulds on the foils, using hot-air nozzles. The
rate of production was 12—15m/h.

Radiator foils are held to the frame by 17 clamps
on each of their four sides. The radiator is prepared
on a specially designed table (see Fig. 10) where each
foil is first stretched in place by a vacuum system
located on its outside perimeter. Holes intended for
the clamp rods are punched in the foil, which has
been locally reinforced by a piece of adhesive tape
250 um thick. These tapes set the interfoil gap. The
foils, successively mounted on the clamp rods, are
eventually introduced as a stack in the detector frame,
and the tension is then applied to the clamp springs.

3.3. Assembly of the straw planes

The straw tubes [11] are made of two 16 mm wide
ribbons of 12.5 um thick terphane *, shifted by 8 mm
and wrapped in an helix around a 16 mm diameter rod.
The ribbons are glued together during the wrapping.
The ribbon inside the straw is coated with 115nm
aluminium to act as the tube cathode. The total tube
wall thickness 1s 28 pm.

The vertical straws are stretched at a tension of
~300 g by springs linked to the frame (see Fig. 11) in
order to cope with their length fluctuations due to tem-
perature. For the wires, as their elasticity stands the
effect of large temperature variations, they are rigidly
attached to the frame.
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Fig. 8 Assembly of the radiator in the TRD frame (cut view).
Details of the straw tubes mounting are shown in Fig. 11.

Metallic straw end-plugs were designed to connect
electrically the straws to the frame. The plugs are
glued inside the aluminized straw with a small amount

(0.6 g) of conductive glue.* Plastic parts allowing gas
circulation insulate the wire feed-through (insulating
parts are shown in darker gray in Fig. 11). For gas-
tightness, O-rings are used in the mounting and each
straw 1s equipped with a Viton bellow allowing straw
shifts relative to the frame.

Straws were first cut to size and glued to their
end-plugs on specially designed tables. Even vertical.
free straws are not naturally straight enough over a
3 m length, and as much as 500 g mechanical tension
was needed to straighten the thin tubes. However, as
the straws were stretching (at a rate of 0.57 mm per
month) when submitted to a 500 g tension. an alterna-
tive procedure was followed. The straws, equiped with
their bellows and inflated at 1.3 atm, were hanged ver-
tically using special fixtures, each with a 7 kg weight
for 12 h. Straws were then allowed to rest for seven
days. This operation, combined with the final tension
of 300 g, yielded enough stability. Afier this prestress-
ing procedure, the straws were mounted on the TRD
frames. The wires were then threaded through the
straws using a special machine and crimped at their
nominal 100 g tension.

4 Silver glue Eleco Products 336.
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The cost of xenon makes gas tightness very im- Table 2

portant. Thus a limit for the pressure drop of a com-
pleted straw was set at 1 g/h at 300 g overpressure.
A test system was set up to check the straws for leaks
during their prestressing phase and when mounted.
We achieved an average pressure drop per TRD mod-
ule of 0.47 g/h at 300 g overpressure. This corresponds
to a total gas leak from the 9 chambers operating at
100 g overpressure of 160 cm?®/h.

3.4. External envelopes

The permeability of the straw walls to the outside
gases, such as oxygen and nitrogen, and to water va-
por is also an important issue. Mylar has a very high
permeability to water vapor which is reduced by alu-
minization. To assess the problem, we performed mea-
surements on 3m long test straws whose aluminium
coating was 40 nm thick.

Ata N, flow of 10 cm?/min (1 vol/h) through a sin-
gle straw, contaminations of 30 ppm O, and 5300 ppm
H>O from the air were measured. The water vapor
contamination level was still 50% that of the ambiant

Oxygen and water vapour contamination in different conditions

Conditions 0> (ppm) H-O (ppm)
No skins 216 11000
25 um mylar skins + Na at 500 cm®/mn 82 7000
25 um mylar skins, 25 nm Al coating 83 1000

+ N at 500 cm®/mn

air. For a N, flow 50 times larger, completely ex-
cluded for the full detector, the water vapor contami-
nation was decreased by a factor 35.

Other measurements were done with a 16-straw
prototype whose frame apertures could be left open
or closed with various mylar skins, to blow nitro-
gen around the straws at a rate of 0.35vol/h. An
80%Ar-20%CH,4 gas mixture was circulated through
the straws at 3 cm’/min per straw (0.33 vol/h). The
results of the measurements, given in Table 2, demon-
strate the necessity of external envelopes.

In order to keep H,O and O- contaminations
at reasonably low levels., each TRD module was
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sandwiched between two aluminized mylar skins
(36 pm thick, 28 nm Al coating) between which nitro-
gen was flown. For a TRD module with a nitrogen flow
set at 401/h (0.25 vol/h) and a Xe—CH,4 mixture flow-
ing through the straws at a rate of 701/h (0.6 vol/h),
the contamination increases typically by 20 ppm for
O; and 100 ppm for H>O between the input and the
output of the detector. This contamination is removed
by the gas purification system.

4. Gas circulation and purification system

The quality of the transition radiation signal
requires:

o an excellent uniformity and stability of the Xe-CH4
proportions within the whole detector,

¢ a low level contammation of the gas mixture, espe-
cially from oxygen and water.

A closed circuit system with continuous purifica-
tion of the gas is used (see Fig. 12). The gas mixture
brought up to a pressure of 1 kg/cm? by a membrane
compressor, is first sent through a palladium catalysor
for O, elimination followed by a molecular sieve filter
where water is trapped. The pressure is then lowered
to 100 g/cm? and the gas is sent via separate copper

xenon storage Xenon CH4
gas input

mass
flowmeters

lines to prevent contamination by water to the bottom
of each TRD plane with an adjustable flow.

For each plane, the 176 straws are fed in para-
llel from a lower buffer volume and the output gas
is collected in an upper buffer (see Figs. 7 and 11).
The system was designed to provide an approxi-
mately equal gas impedance path for each straw.
The CH4, O, and water percentages are measured
at any one of 5 points in the circuit via sampling
loops.

4.1. Operating conditions

The Xe-CHy mixture is circulated through
the detector at a rate of 600 1/h, about half the total vol-
ume of the detector. The gas losses of the system are
compensated for in order to maintain both a constant
total gas amount and a stable Xe-CH4 composition
by:

e An input of Xe whose rate is automatically adjusted
by the pressure level at the detector input. This ad-
dition amounts to about 101/d.

e An intermittent injection of CH4 activated for a
fixed duration when the CHj4 percentage dropped
by 0.5% with respect to the nominal value. The full
range of the CH4 percentage variation is less than
1.0% under these conditions.

9 TRD modules

output flowmeters

copper lines (30m)

compressor

o

2

@ = analysis branch point

CH4

automatic injection

Fig. 12. Principle of the TRD gas system.
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4.2. Fill and purge operations

To fill the detector, the TRD and its gas system are
first flushed with CH4 for 30h. Pure xenon is then
introduced at a rate of about 50 1/h through the bottom
of the detector so that it forces CH, out to the top
with little mixing between the two gases. The filling
operation is monitored continuously by measuring the
CH, percentage at the output of the TRD planes. The
system is switched to the closed circuit operation when
the percentage is decreased to 30%, after about 15h.
Fine adjustements of the gas composition take a few
more hours.

For the purge operation, pure CHj, is introduced at
the top of the detector pushing the Xe—CH4 mixture
out through the bottom into a 501 gas cylinder cooled
down to liquid nitrogen temperature by an external
jacket. Both Xe and CHy are stored in a liquid form.
The purge operation is also continuously monitored by
measuring the CHy percentage. When the operation is
over, the bottle is first warmed up, then cooled down
to an intermediate temperature of —110°C where the
CH, gas is pumped out with only a few percent loss
of the liquid Xe. This xenon bottle is used for the next
fill of the detector.

5. Electronics

The electronic chain amplifies and records the straw
signals via ADCs. After preamplification by front-end
cards placed just below the straw planes, the signals
are sent to Fastbus receiver cards and then transmitted
to Fastbus ADC cards.

Low activity >*Fe sources, placed in front of each
TRD plane, generate calibration signals between the
accelerator bursts. A logical level synchronized with
the accelerator cycle allows to switch the receiver card
to the calibration mode or to the external physics trig-
ger mode. The electronic chain has also an internal
calibration system using charge injection at the front-
end preamplifiers level.

5.1. Choice of high voltuge and electronic gain

The choice of high voltage and electronic gain
is a compromise between non-linearity effects and

electronic noise. For the whole detector, the pedestal
width gpeg 1s generally ~3 ADC counts, with maxi-
mum values not exceeding 6 ADC counts (see for ex-
ample Fig. 14). With the high-voltage set to 2225V,
a cut at Sop.q above the pedestal value, applied during
the data taking, corresponds to less than 0.3% loss for
minimum ionizing particles.

With a gas gain of ~0.7 x 10* at 2225V and a
preamplifier gain ~200 the 5.89keV **Fe signal
has an amplitude of ~20mV (~250 ADC counts).
The discriminator threshold is set at 1SmV. just
above the noise (~10mV).

5.2. Front-end electronics

5.2.1. Front end cards
The 176 straws of each plane are organized in sub-

sets of 16 straws through 11 front-end cards placed

under the straw plane. Each front end card has the fol-
lowing functions:

e Amplification of the signals by 16 preamplifiers.

¢ Distribution of the high voltage to the straw wires.
The card is connected to the 16 straw pins and to the
copper high voltage bus by pump-connectors. The
high voltage is transmitted via 10 MQ resistors.

o Connection of the wires to the preamplifiers.
The connection is made through a 2.2nF decou-
pling capacitor and a 180 Q2 resistor which matches
the preamplifier to the iterative impedance of the
straw.

e Connection to 32-pair output signal cables.

e Ground contact to the TRD aluminium frame.

» Injection of test-pulses as part of the electronic gain
control system (see Section 6.2).

5.2.2. Preamplifiers

The front-end card preamplifiers were built by
Gatchina Electronic Laboratory® with the character-
istics indicated in Table 3.

Preamplifiers and front-end cards were submitted
to thermal cycles of 4h at —10°C and 4h at +50°C
for a total of 72 h. The preamplifier gain and linearity
were then measured on a calibration chain.

§ Gatchina, St. Petersburg (Russian Federation).
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Table 3
Parameters of the front-end card preamplifers

Differential gain 13.3mV/pA

Output impedance 500

Rise time <10ns

Power supply +6V {(2Z4mW)

Noise 19.6nA for a 100 ns gate width
Input impedance S0Q

Nonlinearity <1% up to 1200 mV

Decay time of AC coupling >7 s

Size 11 x 24 mm? (hybrid technology)

5.3. Electronics acquisition Fastbus chain

5.3.1. Analog signals

After preamplification, the electronic signal from
each straw is output to a 31 m twisted pair. Two 32-
pair cables are connected via an auxiliary card to the
backside of a Fastbus receiver card called “RECV™.
The 64 signals are delayed by 250 ns in order to be in
time with the trigger. The analog output signals from
a RECV card are connected to the adjacent Fastbus
card, the “ADC” card, by a flat cable (see Fig. 13). The
length of this cable is kept to 5 cm for low noise pick-
up and short ground connection between the RECV
and ADC cards.

The 64-channel ADC cards were specially designed
£ N
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— a 1000 pC, 12 bit dynamical range,
— a 256 word memory,
— a total busy time of ~6 ps.
The ADC card integrates the charge during the gate
provided by the RECV card. The gate length is set
to 500 ns, enough to collect most of the pulse coming
from a straw and to take into account the fluctuations
due to different distances of the tracks to the wire
(250 ns).

The information of the 1584 straws in the exper-
iment is collected by 3 Fastbus crates, each with 9

RECYV cards and 9 ADC cards.

5.3.2. Logical signals: physics trigger and
calibration trigger

Within a RECV card, triggers are defined by either
an external physics trigger signal or by an internal
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he neighboring ADC card through a short coaxi xial ca-
ble. The physics trigger and callbratlon enable signals
are fed in parallel to all auxiliary RECV cards, via a
flat cable acting as an input bus line. This bus line is
also used to send other signals, described below, to
the RECV cards, in order to select specific cards or
channels for calibration.

5.3.2.1. The calibration trigger. The calibration
triggers come from discriminators on each channel,
with a common threshold, usually 15 mV, which is set
by a threshold level delivered via the backside flat ca-
ble. A gate controlled by a pattern adressing system
is placed after each discriminaior to inhibit or activate
the corresponding channel. The “OR” of the 64 gate
outputs forms the calibration trigger. To avoid pile-up,
a 6 us dead time is imposed to the calibration trigger
(see Fig. 13). The “OR” of the calibration trigger and
of the physics trigger is then used to create the 500 ns
ADC gate.

€299 Th, Iih 2y 7t f
5.3.2.2. The calibration pattern adressing

tem. To address a given RECV card within a crate,
the lines S1 and S2 of the auxiliary RECV card are
connected via jumpers to the corresponding outputs
of a 24-bit shift register which is controlled by sig-
nals sent through the backside flat cable. To allow
the selection of channels for calibration, the outputs
of a 64-bit shift register placed on each RECV card
are connected to its 64 gates. To set a 64-channel
calibration pattern , the signals S1 and S2 are set
to the “shift left” mode (S1S2 =High-Low), then
64 pattern data and clock signals are sent via the
backside flat cable. S1 and S2 are finally set to
“stop shift” mode (S1S2=High-High), to keep
the mask in memory if other cards have to be
addressed.

This overation is reneated for each of the 27 RECV

11l UpliatiUll 1o rovpuaitl iU vali Ul AU L

e
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cards, unless a common mask is required for all the
cards. The clock periods are set to 250 ns. In the usual
operating mode, when the mask pattern is common
to all cards (e.g. all gates open), it takes 8 pus to load
the cards in “shift left” mode and 16 s to set the
mask patterns, within a crate. The total mask loading

t1ima 1g th ~A e £ a +
time is then ~24 us for one crate and the three crates

loading is thus done in ~72 ps.
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Fig. 13. Acquisition electronics.

6. Calibration and control of the detector
6.1. General principles

The TRD separation method is based on the amount
of charge deposited in the detector gas by different
particles. As this deposited charge has rather large in-
trinsic fluctuations, its measurement by proportional
tubes should bring the smallest possible additional
uncertainties and needs precise calibration and con-
trol systems.

The deposited charge depends upon the track
angle and position for a given particle. Complex
processes involving space charge effects can also in-
fluence the charge collected at the wire level. The
signal coming out of the charge ADC connected to
each straw tube depends also on the response func-
tions of the tube and of the electronic chain. The tube
response depends upon the straw tube gain, which
is a tunction of the gas composition, the high volt-
age, the pressure and temperature in the straw. The
electronic chain response depends mainly on the gain
and linearity of the preamplifiers on the detector and
of the receivers in the control room. This part of

the response is controlled by a test-pulse calibration
system.

Many parameters of the gain of the straw are
controlled by a “Slow Control” system, without auto-
matic feed-back.

The global response is calibrated permanently dur-
ing data taking, at the mid-height of each straw, by
a system using >*Fe radioactive sources. In addition,
muons crossing the detector are used for monitoring
over the full area of the detector.

The following paragraphs describe the different
elements of the control and calibration processes.

6.2. The electronic gain control system

Calibrated charges can be injected on the
input stages of the preamplifiers by remote-controlled
DACs mounted on each front-end card. The sys-
tem can address preamplifiers via a CAMAC 16-bit
output register connected to a specific electronics
module.

The electronic calibration system have been
used to check the cabling and to measure periodi-
cally the linearity of the electronic chain as well as
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smaller than 1% and neghglbl Cross- talk have been

measured.

meters defining the running conditions of the detector.
The system generates alarms and records informa-
tions for off-line corrections every hour and for each
alarm.

The differential pressure and temperature are mea-
sured at the bottom and top of each TRD plane
(see Fig. 7}, and the absolute pressure is measured
in the neighborhood of the detector. By combining
these measurements, the absolute pressure of each
TRD plane can be determined w1th an accuracy of
about 2 mbar. The temperature measurements have an
accuracy of 0.1°C. In addition, the high voltage ap-
plied to each half-plane of the detector is measured
with an accuracy of 10V by a simple resistive di-
vider The front-end electronics low voltage supply

witarad On each cide of TRD nlane

is also monitored. On each side of a TRD pane,
a slow-control card collects the probe signals and
transmits them in the control-room to CAMAC Data
Loggers linked to a dedicated computer. An interfac-
ing program converts the probe signals and displays
the results.

In the gas station, an hygrometer and an oxy-
gen deiector measure the water vapor and oxygen
contamination which are kept below acceptable
thresholds (about 400 ppm for water and 40 ppm for
oxygen). A specific device measures the proportion
of methane. Mass flowmeters measure the input of

xenon and methane.

6.4. Calibration with > Fe sources

The absolute calibration of the detector is based on
the measurement of the energy deposited by 5.89 keV
X-rays emitted by Fe sources. Tapes impregnated
by a Fe sulfate solution are attached horizontally
across the middle of each straw plane, on the external
envelope facing the straws. The source activity gives

ise to about 2 55
rise to about 20 counts/s per straw. The Fe sources

serve also for the TRD monitoring.

109
%

6.4.1. The calibration procedure

During data taking periods, the TRD is continuously
calibrated. Calibration triggers are enabled at each ac-
celerator cycle during off-spill time and 256 calibra-
tion events are recorded in each ADC card, filling the
memory depth of all the 64 ADC channels. The TRD
on-line acquisition controller reads out each event and
separates the values corre /
from the 63 pedestal values.

The > Fe values are histoerammed for each straw

1 aC S Qi u.u“_, rammed

and a gaussian fit is performed on the distributions at
the end of a run. The mean and sigma values of the fits
are saved in a database and define the **Fe calibration
values for a run.

Pedestal means ppeg and widths agpeq used
for the TRD calibration are obtained differently: dur-
ing normal daia acquisition, the data are recorded
above a threshold of peg + Sapeq. Every 100 bursts,
this zero-suppression is not carried out and recorded
events contain pedestal data from all the straws.
Fits are performed on these data to evaluate ppeg
and gpeq and the results for the run are sent to the

database.

6.4.2. > Fe monitoring
Histograms of *°Fe values and arrays con-

taining means and widths of the pedestals from cal-

ibration events are sent every 10min to the TRD

on-line monitoring program. Summary histograms
(as in Fig. 14) of the calibration parameters are
produced for on-line controls every few hours. On-
line (and off-line) controls have actually shown that
changes are very smooth. Pedestals are remarkably
stable (vanatxons are <l ADC count/month) The
main variations of the **Fe values a
global parameter changes, such as ga
temperature.
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6.5. Monitoring with muons

The 3°Fe sources provide monitoring of each TRD
channel for a central position on the straw. A comple-
mentary method is used to obtain the response map
on the whole surface of a TRD piane, as a function
of altitude Y and lateral coordinate X (i.e. the straw

number). This method uses the fast reconstruction,

for each accelerator cycle, of about 50 muons tracks
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Fig. 14. TRD monitoring profiles of the 176 straws of a plane: *SFe response peak (top left) and width (top right); pedestal mean (bottom

left) and width {bottom right).

crossing the detector during the “flat top” period sep-
arating the two neutrino pulses. The extrapolation of
muon chamber tracks gives the X,Y track nnemnnq in

each TRD plane. In the horizontal projection, informa-
tions from matched TRD tracks are used to improve
the precision in X.

The response uniformity can be checked as function
of X and Y or in 2 dimensions (X, Y ). Muon tracks,
mostly perpendicular to the planes, deposit the same

energy in the straws 1rrpqn9r‘hvp of the pnmhnn This

fact is used to detect the dlfference in gain both be-
tween straws and within individual straws. The muon
average signal for |Y|<15 cm is used to normalize the
signals.

At the time of the experiment setting-up, the gain
was found higher near the bottom of the planes and
lower near the top, due to excessive heat dissipation
of the front-end electronics at the bottom and to an
increasing gas contamination near the top. The elec-
tronics was modified and the gas flow was increased
to cure the problems. Fig. 15 shows the Y profile of
the TRD response before and after the changes.

After these modifications, the TRD response
shown to be uniform over the whole surface of the

wa
de

. ; 1 o i1 S5+ . o )
tector. Therefore, the ~“Fe energy conversion factors
are used without corrections.

7. Studies of the detector response

7.1. Tests of the straw response with radioactive

Sources

7.1.1. Guin variation with various parameters

The variation of the response to a “*Fe source
with high voltage HV, temperature T. pressure P,
CH,4 percentage and N, contamination has been mea-
sured using a short straw prototype (10 cm long) fed
through mass flowmeters, and equipped with pressure
and temperature sensors. Results of the measurements
are shown in Fig. 16.

For a 3% nitrogen contamination, the gain decreases
by 20.0% =+ 4.7%. The other variations of the gain are
summarized in Table 4.

7.1.2. Saturation effects

With the same prototype the linearity of the

energy has been
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Table 4
Gain variation with different parameters

Parameter Central value Gain variation
H.V. 2250V +0.87%/V
Temperature 25°C +2.8%;°C
Pressure 1020 mbar —0.93%/mbar
CHy percentage 20% —6.2%;CHs %
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Fig. 17. Measured signal versus photon’s energy.

measured using low rate X-ray sources at 7 discrete
energy values between 5.89 and 44.2keV. Fig. 17
shows the measured signal versus photon’s energy at
2250V, 30°C, 1019 mbar and 18% CH,. A saturation
effect is observed, which is interpreted as mainly due
to space charge effects. The deviation from linearity
is about 35% at 22 keV, if one takes as the unsatured
response function the tangent at the origin of the fit-
ted exponential curve. The corresponding saturation
of the »Fe signal is 8.7%.

7.2. Tests of the detector with beam particles

Checks were performed with test-beams of elec-
trons and pions at various particle momenta between
1 and 10 GeV/c, first on prototypes, and later on mod-
ules of the final detector to assess the production of
transition radiation and the response of the detector.
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Fig. 18. Response of a full-size TRD module to test-beam particles

Fig. 18 shows the signal obtained using a single TRD
module with 10 GeV/c electrons and pions at normal
incidence. Parameters such as the particle angle of in-
cidence and impact point were also varied.

The test-beam results were used to cross-check the
simulation of the detector. which led to the parti-
cle identification algorithms [12]. Together with the
calculation of the transition radiation, the simulation
programs [9] include a special parametrisation from
Ermilova et al. [13] for the dE/dx deposition in thin
layers of gas.

7.2.1. Uniformity of the radiators

The production of transition radiation could vary
due to differences in gap uniformity across the ra-
diator area. The impact point on the radiator was
therefore varied. The mean signal with electrons was
found to be constant within 5% for large as well as
small step scans across the area.

Differences in the photon yield between radiators
could be expected as the spacing uniformity was
improved after the construction of the first four, by
increasing the height of the bumps made in the film
surface from 200 to 250 um. The first four TRD mod-
ules are placed in the downstream position within the
module doublets to compensate their lower photon
yield by the detection of unabsorbed photons from
the upstream module. Tests performed during the ex-
periment, and described in another paper [12], have
not exhibited significant differences in the response
of modules to electrons.
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7.2.2. Effects of the track angle

Simulation studies [9] have shown that the increase
of the TR photon yield due to a non-zero track angle
of incidence (enlarging the foil thickness and spacing
crossed by the narhr‘le\ s r‘nmnenqmed hv the larger

absorption in the radlator for small angles.

On the other hand, the dE/dx part of the
signal can change with the angle of incidence of the
track in the vertical plane. This effect was measured
in the experiment, using the filux of muons traversing
the detector during the “flat-top” period between the

twa neutrina hurate of tha SPC Ac muon m
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range from 3 to 50GeV/c, the signals are corrected
to take off the effect of the dE/dx relativistic rise.
The effect on the track path of the vertical angle are
also removed. The high-voltage was 2300 Volts. The
results are shown in Fig. 19 with no magnetic field
and with the magnetic field set to its normal value
of 0.4T.

The decrease of about 17% at Omrad when the
field is off is interpreted as a space charge effect, as the
drift electrons are collected at the same location when
the track is perpendicular to the wire. When the field is
on, the drift electrons are focused at a single location
on the wire when the track angle is about —200 mrad.
During data taking, in order to decrease the ampii-
tude of the effect, the high voltage was lowered from
2300 to 2225V. The effect is reduced from 17%
to 12%.

7.2.3. Effect of the track distance from the straw
center

The variation of the signal with the track distance
from the straw center was measured in a 6 GeV/c pion-
electron test beam with a
prototype radiator. The beam was perpendicular to the
straw axis. The conditions were the same as in the fi-
nal detector operated at 2300 V (the wire diameter was
20 um and the high voltage 1800V, resulting in the
same gain). The resuit is shown in Fig. 20 as a func-
tion of the distance & from the track to the straw wire.

The electron sional at 4 =6 Smm {leavina aside
100 CICLUUIl oigtiar av & V.0 kil ulaviilyg asiao

50cm straw and a small

the low-statistics last bin at d = 7.5 mm) amounts to
~2/3 of the signal at the center. This is more than one
would expect, if variations were only due to the dif-
ferences in path length. This difference is interpreted
as due to space charge saturation effects. The curves
in Fig. 20 come from a simplified calculation of the
unsaturated signal, using the results given in the pre-
vious sections on the saturation measured with muon
tracks and with photons of different energies. For elec-
trons, unsaturated signals from TR and d£/dx are sup-
posed to just add together. The saturation effects due
to dE/dx ionization losses are found to be stronger
than those caused by X-ray photons.

The effects on the detector signal of the track angle
and distance to the wire, although reduced by the de-
crease of the high-voltage adopted for the data-taking,
are still important. In the identification of a particle
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Note the different vertical scales. Curves are estimates of the unsaturated signals (see text).

track of given position and angle, these effects are
cancelled at first order. Analyses of the performances
of the detector on real data [12] constitute a justifica-
tion of this hypothesis.

8. Conclusions

We have designed and constructed for the NOMAD
experiment a large area Transition Radiation Detector
system to identify electrons at 90% efficiency with a
rejection factor against pions of 10°. Although made
of very thin material extending over large dimensions,
the detector has proven to be robust. The detector has
now been operating for more than three years and
works with excellent stability. A single straw, out of
a total of 1584, has become partially inefficient due to
a loss of tension in the wire.

First studies using pion and electron test beam mea-
surements on single modules of detector showed that
the expected rejection level was reached, thanks to
the quality of the detector. The performance of the
NOMAD transition radiation detector has been fur-
ther ascertained over the particle momentum range of
1 to 50 GeV/c using data recorded during the exper-
iment. Another paper [12] describes the algorithms
developed for electron identification, and the tests on
real data which demonstrate the achieved identifica-
tion performances.
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