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Abstract. TOTEM will measure the total pp cross-section at LHC by using a luminosity independent
method based on simultaneous evaluation of the total elastic and inelastic rates. For an extended coverage
of the inelastic and diffractive events, two forward tracking telescope are employed. The elastically or
diffractively scattered protons are measured by a set of special detectors, which can be moved close to
the circulating protons beams. The paper describes the physics reach of the experiment and the detectors
which are being considered.

PACS. 2 5.70.Ef – 21.60.Gx – 27.30.+t

1 Introduction

The TOTEM experiment was proposed to measure [1,2]:

– the total cross-section with an absolute error of 1
mbarn by using the luminosity independent method,
which requires simultaneous measurements of elastic
pp scattering down to the four-momentum transfer
squared −t ∼ 10−3 GeV2 and of the inelastic pp inter-
action rate with an extended acceptance in the forward
region. Present extrapolations of the world data to the
LHC energy together with the existing cosmic ray data
have a typical uncertainty of ±15%.

– the elastic pp scattering up to −t ∼ 10 GeV2

– the diffractive dissociation, including single, double
and central diffraction.

Extrapolations of the total cross-section measure-
ments, based on the dispersion relation techniques [3],
an estimate of the �-parameter [4] and an assumption of
σtot ∝ (log s)2, result in about 10 % larger σtot at the

LHC-energies compared to the one obtained by assuming
σtot ∝ (log s).

In measuring the total cross-section, one should be es-
pecially concerned about the systematics related to the
acceptance in measuring the inelastic rate (different detec-
tor configurations, Monte Carlo model dependence). The
TOTEM experiment is designed to measure σtot with an
accuracy of the order of 1 %, which is sufficient to discrim-
inate between the current model predictions for the LHC
energy ranging between 100 and 130 mb.

Given the large cross-sections involved, the experiment
does not require intense beams, but a special high-beta
optics is needed for the measurement of low t elastic scat-
tering. The experiment will be ready to take data at the
beginning of the LHC operation and will also provide an
absolute luminosity determination.

The TOTEM experiment uses precision detectors in-
serted in Roman Pots and/or microstation installed in the
machine tunnel to measure the elastically and diffractively
scattered protons close to the beam direction. Two sepa-
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Fig. 1. The TOTEM detectors T1 and T2 installed in the CMS forward region
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Fig. 2. Magnification v and effective length Leff as a function of the distance from the IP (solid lines β∗ = 1540 m, dashed
lines β∗ = 1100 m)

rate forward telescopes will be installed on both sides of
the CMS detector with a rapidity coverage of 3 < |η| < 6.8
(Fig. 1). With these additional detectors, a fully inclusive
trigger, also for single diffraction, can be provided with an
expected loss on the inelastic rate of less than 2 %.

The elastic and inelastic interaction rates are related to
the integrated luminosity of the machine by the equation:

L σtot = Nel + Ninel (1)

The optical theorem relates the total cross-section to the
imaginary part of the forward scattering amplitude lead-

ing to the following equation:

L σ2
tot =

16π

1 + ρ2

(
dN

dt

)
t=0

(2)

Combining the above two equations allows to write the
total cross-section as a function of measurable quantities:

σtot =
16π

(1 + ρ2)
(dN/dt)t=0

(Nel + Ninel)
(3)

Solving (1) and (2) for L shows that TOTEM will also
be able to provide an absolute calibration of the machine
luminosity. The ρ parameter with its small value at high
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Fig. 3. The LHC beam line with the Roman Pots at 147 m and 220 m

energies (0.1 – 0.2) does not significantly influence the
final precision of the measurement.

TOTEM only needs few one day runs, with the special
running conditions of a high β∗ ∼ 1500 m, a reduced num-
ber of bunches, a low luminosity of L ≈ 1028 cm−2s−1, and
a beam crossing-angle of zero degrees.

This is sufficient to collect an integrated luminosity of
typically 1033 cm−2 which corresponds to 107 ÷ 108 mini-
mum bias events.

Almost half of the total cross–section at the LHC is
predicted to be due to coherent elastic scattering, single,
double and central diffractive processes.

At β∗ ∼ 1500 m, the TOTEM experiment efficiently
detects protons with −t > 0.004 GeV2, i.e. 97 % of all the
diffractively scattered protons, independent of their lon-
gitudinal momentum loss in the range of 10−8 < ∆p/p <
0.2. With the TOTEM acceptance extending up to the
pseudorapidities of 6.8, and with the efficient proton de-
tection capabilities close to the LHC beams, it is only the
diffractively excited states with masses below 4 GeV/c2

that are missed by the experiment.
For non-diffractive inclusive events, a substantial frac-

tion of the total energy is detected. In order to extend
the acceptance further – to cover new phenomena such
as coherent pion production – additional detectors close
to the beam and before the first limiting aperture of the
LHC could be installed. Very forward neutral particles are
detected in the zero-degree calorimeters that equip the re-
gion where the two beams separate. In summary, it will
be possible to study particle production over almost the
entire phase space during low luminosity runs.

2 The elastic scattering
and a special LHC optics

The precise luminosity independent measurement of the
total cross-section requires the measurement of dσel/dt
down to −t ∼ 10−3 GeV2, which corresponds to a proton
scattering angle of 5µrad, and the extrapolation to the
optical point (t = 0).

In order to detect the elastic protons with scattering
angles of a few µrad, the beam divergence at the inter-
action point (IP) has to be reduced. Beam divergences of
less than 1 µrad can be achieved by reducing the trans-
verse emittance of the beam and by increasing β∗ at the
IP to values between 1 and 3 km.

As a consequence, the transversal beam size will in-
crease to about 0.5 mm. Hence the number of bunches

should be reduced to avoid parasitic bunch interactions.
With 36 bunches, the bunch spacing would be 2.5 µs, a
number compatible with the LHC injection scheme. With
the above running conditions, and the proton bunch den-
sity reduced by a factor of three, the LHC luminosity
would be of the order of ≈ 1028 cm−2s−1.

The elastically or diffractively scattered protons are
measured on both sides of the interaction point with sil-
icon detectors located symmetrically with respect to the
IP. The displacement of a scattered proton at distances
from the IP, (x(s), y(s)), is given by the proton coordi-
nates (x∗, y∗) and scattering angle Θ∗

x,y at the interaction
point, together with the effective length Leff , the magni-
fication v and the dipersion D of the machine

y(s) = vy(s) · y∗ + Leff
y · Θ∗

y

x(s) = vx(s) · x∗ + Leff
x · Θ∗

x +
∆ p

p
· D(s) (4)

Leff
x,y =

√
βx,yβ∗ sin ∆µ(s) , vx,y =

√
βx,y

β∗ cos ∆µ(s)

For an ideal optics Leff should be as large as possible
and v ∼ 0 in order to reduce the dependence on the pro-
ton coordinates at the interaction point. This condition of
parallel-to-point focussing is reached at the location along
the machine where the phase advance ∆µ is π/2.

The original TOTEM optics was based on β∗ =
1100 m and parallel-to-point focussing conditions in the
vertical plane at the distance of 147 m and in the horizon-
tal plane at the distance of 220 m from the IP.

A recently conceived new LHC beam optics scheme
provides significant improvements to the original one. By
increasing the β∗-value from 1100 m to 1540 m, the effec-
tive length in the vertical plane, Ly

eff , is almost doubled
and – more importantly – the parallel-to-point focussing
conditions are achieved both in the horizontal and vertical
planes at the distance of 220 m from the IP (Fig. 2). The
new optics greatly improves the resolution of the polar and
azimuthal angle measurements. The layout of the beam
lattice and the proton measurement stations are shown in
Fig. 3.

In Fig. 4 contour plots exhibiting the scattered proton
coordinates in the transverse plane relative to the beam
direction are shown for two separate proton (−t)-values:
−t = 10−2 GeV2 and −t at which the 50 % proton accep-
tance is achieved.

Due to the larger Leff -values and the parallel-to-point
focussing conditions in both projections of the new optics,
no significant dependence of the observed proton coordi-
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Fig. 4. Contour plots for two t-values for β∗ = 1100 m (left) and β∗ = 1540 m. The 10 σ beam envelope and the edge of a
detector placed at 10 σ + 0.5 mm are also shown
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Fig. 5. The acceptance as a function of t for high β∗ and for
the injection optics

nates on their values at the IP is seen contrary to the
original β∗ = 1100 m scheme. The 10 σ beam envelope
and the vertical location of the edge of a silicon detector
0.5 mm from the beam envelope are also shown.

For −t > 10−3 GeV2, the proton detection effi-
ciency increases rapidly up to the maximum value of
t ∼ 0.5 GeV2 after which the protons escape the beam
pipe (Fig. 5). By using the injection optics of the ma-
chine, i.e. β∗ = 18 m, TOTEM will be able to reach
−t-values up to 10 GeV2. With the nominal number of
bunches the luminosity would be 1032 cm−2s−1 which
would allow the high −t measurements to be made
within a few short running periods. The acceptance
regions of the high-β (β∗ = 1540 m) and injection-β
(β∗ = 18 m) overlap at −t ∼ 0.5 GeV2.
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Fig. 6. (top) Acceptance uncertainty versus detector offset for
t = 0.004 GeV2 (upper curve) and t = 0.01 GeV2. (bottom)
Relative t-resolution (1 arm only) versus detector resolution
(solid), the dotted line shows the ideal case of zero beam di-
vergence (lower curve)

The precision of extrapolation to the optical point (t =
0) critically depends on the knowledge of the detection ef-
ficiency vs. acceptance of the elastically scattered protons.
Fig. 6 (top) shows the effect on the acceptance due to the
uncertainty in the detector position: special care has to
be taken to control systematic effects on the detector po-
sition to about 10µm. For a total cross-section measure-
ment with 1 % precision the acceptance uncertainty for the
elastic scattering should be known to 0.5 %. Fig. 6 (bot-
tom) shows the relative t-resolution at −t = 10−2 GeV2;
the beam divergence at the IP contributes a 4 % error. The
detector resolution error (dotted line) has to be added in
quadrature. A detector resolution of the order of 30µm is
considered to be adequate.
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Fig. 7. A schematic view of the TOTEM Roman Pot detector system. The thin window separating the primary beam vacuum
and the detector enclosure is seen at the bottom of the insertion. The detector arrangement with the front-end electronics and
services is shown on the right

Table 1. Physics event rates and main backgrounds

Event Rate (all 4 RP)
Elastic scattering 300 Hz
Single diffraction 200 Hz
Double Pomeron exchange 10 Hz
Beam halo 20 Hz
Beam-gas scattering < 1 Hz
Photons � 1 Hz

2.1 Level 1 leading proton trigger

The beam-pipe insertions for detecting leading protons
(Roman Pots or microstations) will house precision track-
ing detectors (discussed in Sect. 2.3) and independent
level-1 trigger detectors. The latter are designed to iden-
tify the following event topologies:

– Elastic scattering events: two collinear proton tracks,
one on each side of the interaction point.

– Central diffractive events (Double Pomeron exchange):
two non-collinear proton tracks, one on each side of the
interaction point. The two proton can have different
momenta.

– Single diffractive events: a proton track on one side
only and tracks or energy depositions in the inner CMS
or TOTEM detectors (T1 or T2) on the opposite side.

The estimated rates for these event classes at a luminos-
ity of 1028 cm−2s−1 are listed in Table 1. To tag any of
them, the proton trigger on one side has to be combined
with either a proton or an inelastic trigger on the other
side. Since the TOTEM trigger and DAQ are synchronised
with their CMS counterparts, the first-level trigger deci-
sion has to be taken within the CMS trigger latency of
about 3 µs after the bunch crossing. Once proton travel
and signal propagation times are taken into account only
about 100 ns are left for the trigger decision.

The basic requirements for a highly efficient proton
trigger providing an effective background rejection are the
following:

– Selection of events with only one track per arm, this
track being parallel to the outgoing beam within
0.1 mrad.

– A time resolution of about 5 ns to identify the bunch-
crossing.

– A high efficiency up to the detector edge (within
20 µm).

The last criterion plays an important role in the choice
of a suitable detector technology. Different silicon detec-
tors and scintillating fibers are under evaluation. Sufficient
background rejection can be achieved with a trigger de-
tector segmentation as wide as 1 mm.

The following backgrounds have to be considered:

– Beam halo: Due to the highly efficient LHC collima-
tion system [5], needed for the protection of the super-
conducting magnets, the halo rate at 17σ away from
the beam is expected not to exceed 3 kHz for the low
luminosity runs. Hence, the fake coincidence rate be-
tween halo tracks on both sides of the IP will be about
20 Hz, still small compared to the allowed first-level
trigger rate of 100 kHz.

– Beam-gas scattering: Based on expectations for the
average residual gas density in the LHC beam pipe,
the beam-gas interaction rate is about 100 Hz/m along
the beam. Elastic beam-gas scattering is a part of the
beam halo discussed above. Inelastic collisions produce
many soft particles that will be swept away by the
LHC magnets. Thus mainly particle showers produced
in the ring section between the preceding quadrupole
and the detector will contribute to the background.In
the case of the Roman Pot station at 220 m the rate
will be about 2 kHz. Most of these events will be elim-
inated at the first-level trigger with multiplicity and
track angle cuts. The remaining background is small
compared to the beam halo.

– Photons: The photon flux is much higher than the
hadron flux and will amount to about 1 kHz/cm2.
However, with a typical photon detection efficiency of
1 % and a two-fold coincidence requirement within the
same beam-pipe insertion, the rate is drastically re-
duced to about 0.03 Hz. Angular selections and a coin-
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Fig. 8. (Left) A roman pot station in the tunnel of the LHC; the inset shows the overlap of the detectors in the vertical and
horizontal pots. (Right) Details of a Roman Pot; the large mechanical structure is necessary to counterbalance the hydrostatic
pressure on the movable section of the vacuum chamber

cidence condition with the trigger detectors in a second
beam-pipe insertion will further reduce the fake trigger
rate.

In summary, the background is dominated by the beam
halo (see Table 1). Its rate is small compared with the
allowed first-level trigger rate.

A suitable trigger detector configuration consists of
three planes per beam-pipe insertion. To avoid inefficien-
cies, only a two-out-of-three coincidence will be required.
This concept also allows to monitor the efficiencies of the
single detector planes.

2.2 Leading proton detection

The leading proton detectors are installed into special
beam pipe insertions. The detector systems have to ful-
fill stringent requirements set by the LHC machine and
the TOTEM experiment. A thin window separates the
detector enclosure from the primary beam vacuum. The
high intensity proton bunches pose a challenge concern-
ing possible pick-up in the detectors close to the LHC
beams. The detector systems have to be robust, aligned
to within 20µm and their positions accurately maintained.
Moreover, the detector systems have to withstand in the
high-radiation environment of the LHC.

2.2.1 The Roman Pots

For optimal performance, the detectors should be active
as close to their physical edge as possible. During opera-
tions they should be positioned at a distance of less than
1mm from the beam axis. First estimates indicate that a
metallic shielding with thickness of about 200µm should
be sufficient for both preventing RF pick-up problems and
withstanding a possible pressure difference (caused by an
accident) between the primary beam vacuum and the de-
tector enclosure. A series of tests with full-scale proto-
type structures equipped with various thicknesses of an

INCONEL-718 shielding will be carried out at the end of
2003. Other walls of the Roman Pot, housing the proton
detectors, are constructed of 3 mm thick stainless steel.
The shielding foil is brazed to the steel frame and folded
into its final shape. Tests of the brazing process are car-
ried out together with an alternative method of electro
erosion.

For LHC vacuum preservation, a NEG coating (non
evaporable getter) is applied to the outer surfaces of the
vacuum insertion. The pot should withstand the standard
LHC bake-out temperature of 250 oC. A thorough risk
analysis of the proton detector enclosures and the mov-
ing mechanism will be carried out as requested by the
LHC.

The Roman Pot, is designed to be as small as possible.
Its attachment to the beam pipe insertion is accomplished
by using a specially designed UHV flange (see Fig. 7).
An optimal cooling system for the detectors is presently
considered either using thin cooling pipe or cold fingers
which bridges the heat load to a cold point outside the
vacuum insertion. First estimates indicate that the added
RF impedance due to the eight Roman Pots is negligible
compared to the total LHC impedance budget (250 mΩ).
The Roman Pot is designed to allow easy access to the
detector system inside. A cantilever connects the moving
mechanism of the insertion to the compensation bellows
(Fig. 8).

The basic unit consists of two vertical Roman Pots
(above and below the beam) movable in the vertical di-
rection and a third one moving horizontally. By using the
horizontal detector which overlaps with the vertical detec-
tors when in measuring position, this arrangement allows
to accurately measure the distance between the two ver-
tical detectors on opposite sides of the beam (see Fig. 8).
For efficient background rejection two units are installed
within a distance of 4m (Fig. 8)

The radiation dose due to beam-beam interactions is
calculated to be about 103 Gy/year with a hadron flu-
ence of approximately 109 cm−2year−1 [6]. All the detec-
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Fig. 9. A schematic drawing of the microstation including all
the details except the thin window separating the secondary
vacuum from the machine vacuum

tor components are foreseen to withstand the expected
level of radiation at the luminosity of 1028 cm−2 s−1

2.2.2 The microstation

For location where the available space is too small to fit a
traditional Roman Pot a Microstation (Ms) could be used
instead.

By placing all the moving parts inside the vacuum,
the force on them from the hydrostatic pressure is elimi-
nated. This allows to build a system slightly larger than
the detectors themselves.

The mechanical structure of a microstation is shown
in Fig. 9, which illustrates the overall design with all the
details. A microstation can be divided into four subsys-
tems: the vacuum chamber, the support structure, the
driving mechanism and the cooling system. An important
feature of the design is to keep the stainless steel vacuum
chamber independent of the precision mechanics and of
the other components located inside. All the components
are mounted on a support structure fixed only to the beam
pipe inside the microstation such that any deformation of
the vacuum chamber during the welding process or pump-
down does not affect the rest of the system. The vacuum
chamber can then be dimensioned to be as light as pos-
sible and the estimated total mass of the structure is less
than 750 g.

2.3 Technologies for the leading proton detectors

The measurement of the elastic scattering to the smallest
|t| values also requires detectors efficient up to 20µm to
their physical edge.

In this section the technologies considered to build the
edgeless elastic detectors are briefly described. The final
choice on the technology will be made in 2004.

2.3.1 Cold Planar Silicon Detectors

Modern technologies for processing planar silicon detec-
tors allow very fine segmentation. However, an insensitive
border region extending several hundreds microns into the
detector volume is needed for guard-rings which control
the device’s electric field and the surface leakage currents
that may develop at the edge of the detector. In particu-
lar, if the detectors have to be exposed to high radiation
doses, multi-guard-ring structures are required to allow a
higher voltage operation to counterbalance radiation dam-
age effects.

It was suggested that silicon planar detectors can be
operated without guard rings if operated when cooled
down to 130K [7]. Thus obtaining a drastic reduction of
the inefficient material at the border of the detector. The
successful measurement of the efficiency up to the edge of
the silicon sensor has been performed with a microstrip
detector cut through the sensitive area [8]. Scribing the
backplane of a planar silicon detector with a laser beam
and then bending it to crack produced a clean edge per-
pendicular to the strips. No further treatment was applied
to the cut edge. The tracking efficiency near the cut edge
was checked with a 120 GeV pion beam. For the measure-
ment the detector under test was cooled to 110 K with a
resulting leakage current of only 15 nA at full depletion
voltage (45 V), then placed between two pairs of similar
microstrip detectors mounted with their strips horizontal
and vertical, V3 and H4 with V7 and H8 in Fig. 10.

The recorded hits on the reference planes and on the
test detector allowed a fine study of the behaviour at the
edge. The results (reproduced in Fig. 10(right)) show that
the efficiency is uniform and reaches a maximum already
at 25 µm from the physical edge. The data show that the
position where the maximum is reached doesn’t vary for
different noise cuts. The uncertainty is dominated by the
knowledge of the position of the detectors. It is worth
noting that the beneficial effect of the low temperature
operation also guarantees higher radiation hardness [9].

2.3.2 Cut planar silicon devices for operation at higher
temperatures

In order to refine the construction process we are consid-
ering to implant on a p+–n–n+ structure an n+ ring that
surrounds the sensitive area. For a fully depleted device
with the n+ ring set at the same potential as the back
plane, the electric field is expected to reach the physical
edge, if the carriers generation rate at the surface’s edge is
low. Nevertheless the leakage current due to thermal gen-
eration of carriers at the edge’s surface can be controlled
and kept low with a moderate decrease of the tempera-
ture. Detectors built according to this principle will be
tested in a particle beam in a few months.

2.3.3 Edgeless 3D silicon detectors

“3D detectors” are silicon sensor built following a novel
idea proposed by Sherwood Parker [10] of the University
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Fig. 10. The setup used for the beam test (left). Efficiency of the cut silicon detector: the efficiency rise coincides with the
physical edge of the detctor (right)

Fig. 11. In a 3D detector the electrodes and the active edges
are fabricated inside the detector bulk using micromachining
techniques

of Hawaii and colleagues in 1995 (see Fig. 11). These de-
tectors have since been fabricated and fully characterised.

In this original configuration, the p+ and n+ electrodes
are processed inside the bulk of the silicon wafer, rather
than being implanted on its surface as in planar devices.
The collaboration developing this new detector technology
presently involve scientists from Brunel University in the
UK, Hawaii and Stanford in the US.

The detector is built using deep reactive ion etching,
developed for micro-electro-mechanical systems. By this
technique micro-holes with a thickness-to-diameter ratio
as large as 20:1 can be etched in silicon. In the 3D detec-
tors presently processed holes are etched in wafers several

Fig. 12. Right : 290 µm deep C-shaped hole, filled with 2 µm
polycrystalline silicon. The good quality of the etching and the
uniformity of the deposition can be appreciated in the photo
of a cut through the holes. Left : a cut wafer showing how the
electrode looks after being filled with polysilicon

hundred microns thick, at distances as short as 50µm from
one another. During the fabrication the wafers are glued
to a support substrate that will be removed at the end of
the process.

The holes are then filled with polycrystalline silicon
doped with either boron or phosphorus. Once the elec-
trodes are filled, the polycrystalline silicon is removed
from the surfaces, and the dopant is diffused into the sur-
rounding single-crystal silicon to form the detector elec-
trodes (Fig. 12). Aluminum is then deposited to provide
contact with the electrodes in a pattern that will depend
on how the individual electrodes are to be read out. Detec-
tors fabricated with these dimensions can reach a spatial
resolution of 10 − 15 µm.

The same micromachining technology can also be used
to build detectors efficient up to the edge of the silicon.
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Fig. 13. A 3D detector design (left) compared to a standard
planar detector (right)

Table 2. Comparison of parameters

Design Param. 3D Planar

Depletion
Voltage (V) < 10 70
Collector
length (µm) ∼ 50 300
Charge collec-
tion time (ns) 1-2 10-20
Efficiency at . . .

µm from edge < 10 ∼ 300

An active-edge 3D sensor was proposed in 1997 [12] and is
also illustrated in Fig. 11. Prototypes have demonstrated
efficient charge collection to within a few microns of their
physical edges.

The schematic drawings in Fig. 13 compare the novel
3D design with the traditional planar one. Since the elec-
tric field is parallel (rather than orthogonal) to the detec-
tor surface, the charge1 collection distance can be several
times shorter, and the collection considerably faster. The
voltage needed to extend the electric field throughout the
volume between the electrodes (full depletion) can be an
order of magnitude smaller (Table 2).

The signal generated by an ionizing particle traversing
a 3D detector with all the electrodes connected together
by an aluminum microstrip operated at 130 K shows a
rise time of 1.5 ns with a pulse duration of 5 ns (Fig. 14
and [15]). A similarly fast response is observed at room
temperature with 40 V bias voltage after the detector was
exposed to a proton flux of 1015 cm−2. The combination of
short collection distance and high electric field increases
the radiation tolerance of silicon detectors by possibly a
factor of 10 if compared with planar devices. The improve-
ment in radiation hardness is simply due to the geomet-
rical dimensions of the collection area and might increase
further by selecting properly the substrate materials.

The fast, radiation hard electronics used for this test
was designed by the CERN microelectronics group [16].
The detectors will undergo more tests in a particle beam
in the next months.

1 For a 300 µm thick silicon wafer the charge generated by a
traversing ionizing particle is approximately 24,000 electrons.

2.3.4 Active edges

Fig. 14 (right) shows a 3D detector made sensitive up to
the physical edge. In 3D devices, the voltage at corre-
sponding points on the top and bottom surfaces is equal,
so there is no voltage drop across the edges. A thin trench
is etched at the periphery of the 3D electrodes and then is
filled like the other electrodes with suitably doped poly-
crystalline silicon to obtain the desired electric field distri-
bution inside the active region of the detector. The result-
ing dead region at the edge is comparable in dimensions
to the width of the trench and has been measured to be
≈ 5 ÷ 20 µm.

2.3.5 Planar devices with active edges

The 3D technology allows to obtain very fast detectors,
with very small pixels, with high intrinsic radiation hard-
ness for room temperature operation and efficient very
close to the physical edge. For applications like TOTEM
where the very large pixel density is not necessary it is
possible to simplify the construction process and obtain
the required characteristics with a combination of planar
and 3D technologies.

In the so called planar 3D devices the edge structure is
replaced by an electrode that extends the n+ back plane
of the device to the front p+ side. The active volume of the
diode is, in this case, ‘enclosed’ in an equipotential elec-
trode which controls the electric field lines and therefore
the surface current.

This is obtained simply by etching a trench with a
depth equal to the thickness of the device, polycrystalline
silicon. Test detectors of this kind have been fabricated
and preliminary, results show a dead area < 20µm from
the physical edge.

These detectors are able to operate at room tempera-
ture thus eliminating the need for a delicate cooling sys-
tem. These devices will also be tested soon in particles
beam.

3 The inelastic scattering

The TOTEM experiment requires to measure simultane-
ously the elastic scattering and the total inelastic rate.
Two main topologies of events can be identified among the
inelastic processes: single diffractive (SD) and non-single-
diffractive (NSD) events. Extrapolation from earlier data
taken at lower energies and simulations with PYTHIA [19]
(version 6.158) predict an inelastic cross-section σSD ∼
14 mb for the single diffractive and σNSD ∼ 65 mb for
non-single-diffractive processes which include minimum
bias (σmb ∼ 55 mb) and double diffractive events (σDD ∼
10 mb).

The TOTEM inelastic telescopes have been designed
to detect the largest possible fraction of inelastic events
and to provide a fully inclusive trigger. The telescopes will
be installed symmetrically to the IP and have to be com-
patible with the CMS detector. Simulations show that in
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Fig. 14. Left : signals from ionizing particle traversing 3D detectors operated at 130 K show a rise times of 1.5 ns with a pulse
duration of 5 ns. Middle: after heavy irradiation and at 300 K the rise time is 3.5 ns with a pulse duration of 10 ns. Bias voltage
is 40 V in both cases. Right : complete 3D detector with aluminum microstrip pattern processed on one face; the active edge is
clearly visible in front

the accessible pseudorapidity range ∼ 3.1 < η <∼ 6.8 cor-
rections and systematic errors can be controlled to obtain
the needed precision. To cover the aforementioned rapid-
ity range two detector telescopes are foreseen, T1 and T2.
The T1 telescope will be placed in the CMS end-caps while
T2 will be in the shielding behind the CMS Hadronic For-
ward (HF) calorimeter.

The telescopes for measuring inelastic events have a
good trigger capability, provide tracking to identify beam-
beam events and allow the measurement of the trigger effi-
ciency. To discriminate beam-beam from beam-gas events
the telescope will identify the primary interaction vertex
with an accuracy at the level of a cm by reconstructing
a few tracks from each side of the interaction point; the
knowledge of the full event is not needed. NSD events
are easily detected using a double-arm trigger which re-
quires the coincidence of a left and right arm. The task
becomes more challenging in the case of SD events. For
these topologies tracks are in only one hemisphere and
sometimes the multiplicity of the event is low. Moreover, a
beam-gas event has a topology very similar to a SD event.
The detection of a proton in the Roman Pots in the op-
posite arm makes SD trigger cleaner. It is expected that
at least 95% of the inelastic events will be detected with
very clean trigger conditions and the remaining fraction
with a less clean trigger. The actual correction due to the
losses will be evaluated by a Monte Carlo, properly tuned
on the data themselves, keeping the final error below 1%.

3.1 The T1 telescope

3.1.1 Detector description

In order to reconstruct the event that has generated a
trigger, 5 planes of Cathode Strip Chambers (CSC) [20]
are installed in the End Cap of the CMS magnet. Each
detector plane is composed of 6 trapezoidal detectors with
sufficient overlap to obtain a uniform detection efficiency
in φ. T1 will be built in two halves since installation in
CMS will happen when the vacuum chamber is in place.

The proven detector technology allows to measure with
one detector three independent coordinates for a track in
one plane with sufficient precision even in the absence of
a very accurate calibration.

The TOTEM CSC detector has one wire plane
stretched between two facing and properly segmented
cathode planes. To minimise the amount of material

traversed by the particles and yet maintain the neces-
sary structural properties required, the cathode panels of
TOTEM have a core of hexagonal Nomex honeycomb cov-
ered with very thin skins of 0.7 mm thickness (as compared
to the 1.6 mm used for the CMS CSC). The electrodes on
the cathode plane are etched on the thin copper layer by
standard printed board technology. The strips are 4.0 mm
wide and have 4.5 mm pitch, run parallel to one side of
the detectors with an angle of 120o with respect to the
anode wire direction. The two cathode planes are identi-
cal and are assembled in such a way that the cathode strips
form an angle of 60o with respect to each other. The an-
ode wire plane is supported by two properly shaped G-10
fiberglass bars of very precise thickness which are glued on
one of the panels. The 30µm diameter goldplated tungsten
anode wires are soldered and then glued to this support
with a pitch of 3 mm. The anode-cathode plane distance
is (5.0 ± 0.1) mm.

3.1.2 Detector R/O

The T1 detectors have approximately 24k cathode strips
and 12k anode wires in total.

The R/O electronic chain is based on the chips devel-
oped by the CMS Muon CSC group, however the R/O
architecture has to be slightly different from the one in
CMS. The CMS system is built to analyse, trigger and
store the muon signals coming from 6 very close detectors
whereas TOTEM needs to select and store the informa-
tion of all the signals from 5 detectors planes installed over
a distance of 2.8m.

The signals from the anode wires, which are read in-
dividually, will provide a Local Fast-OR per detector to
sample the cathode analogue information. All the anode-
wire signals are brought together to determine a telescope
trigger by coincidences between the planes, and to define
– by using information from the different anode planes –
the timing of the event. The identification of the bunch
crossing of the event is not difficult for TOTEM since the
bunch spacing of 2.5 µs in the high-beta optics will not
cause any identification problems. However, in view of the
use of the inelastic telescopes also during runs at higher
luminosities (up to 1033 cm−2s−1), the system should iden-
tify the bunch crossing of a track segment. This configu-
ration generates a data flow of a few Mbytes per second
at a few hundred Hertz of trigger rate.
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The radiation resistance of the electronics is one of the
factors that will determine the maximum luminosity at
which it will be possible to use the inelastic telescopes.
Radiation levels are approximately two orders of magni-
tude higher in the T1 region than the levels at similar CMS
muon End Cap detectors, given the larger η and the lack
of shielding. However radiation is not a problem for the
TOTEM specific runs which are at very low luminosity.
The use of the T1 detector will be safe during the initial
low-luminosity physics runs with normal optics foreseen
for luminosity calibration. In case of long periods of high-
luminosity runs, the telescope will be removed considering
the relative ease with which T1 can be installed.

3.1.3 Installation in CMS

The T1 detector will be installed in a very delicate position
inside the CMS detector, close to the vacuum chamber in
both End Caps in front of the HF calorimeter. With its
conic shape T1 fills the gap between the vacuum chamber
and the iron of the End Cap, since it is the last device
to be installed and consequently the first to be removed
in case of access, the support structure had to be studied
carefully: it has to allow installation in a very short time
of less than 48 hours and comply with all the requirements
set by the CMS Collaboration.

To minimize the clearance between the vacuum cham-
ber and the detectors, the support of T1 must provide
sufficient rigidity to hold the 2.8 m long telescope with a
weight of ≈ 150 kg (including cables, electronics and other
services) with minimal deformations. Movements or defor-
mation of the CMS End Caps due to the magnetic field
operation or other causes are possible. To avoid them caus-
ing any unpredictable relative motion of T1 with respect
to the vacuum chamber, the T1 support will be fixed only
using the external disk of the CMS End Cap, i.e. the one
by which the vacuum chamber is supported too. The sup-
port is a set of rails on a rigid frame fixed to the CMS End
Cap. Detector half planes are in turn assembled on light
frames that slide on the rails. Particular care was put into
the study of the rail support frame, which has to fit inside
the cone at η = 3, since its cross-section limits the space
available to the T1 detectors.

The telescopes will be assembled on their installation
platform which features a support frame with rails similar
to the ones found in the CMS End Cap, and tested prior
to their transport to the installation position where they
will be aligned to the rails on the End Cap. The telescope
will be transferred again on the transport platform for its
removal. After the insertion of T1, the platform fixed on
top of the CMS HF calorimeter will move up with the HF
to its final position. The cable bundles from T1 are fed to
the service racks on the platform through channels pro-
vided in the PE shielding plate which is present between
the iron of the End Cap and the HF.

Detector half planes are held together by a skeleton
frame of 3 mm thick aluminium sheets. Spacer plates keep
the skeleton frames in their relative position, provide a
minimum rigidity to the structure and support the elec-

tronics, the services and the cooling pipe to remove any
extra heat from within the CMS volume.

3.1.4 CSC prototype tests in 2002

A prototype of the largest CSC with all the technical so-
lutions foreseen for the construction of the final detectors
has been built and tested.

Anodes were equipped with the CMS AD16 electronics
while the cathodes were read out using the Gassiplex chip2

digitised with a 12bit ADC. The detectors have operated
in a very stable way and have shown a large HV plateau
curve which is shown in Fig. 16 (left).

The residuals distribution for one cathode plane yields
a spatial resolution σ ≈ 0.6 mm which is sufficient for
the reconstruction of the vertex of the inelastic event (see
Fig. 16, right).

3.2 The T2 telescope

The T2 telescope complements the T1 telescope at larger
η, an angular range dominated by the diffractive compo-
nents of the inelastic interactions. With the present di-
mension of the vacuum pipe, the T2 telescope will cover
with good efficiency the range 5.3 < η < 6.7. This range
is determined by the vacuum chamber and the edge of the
HF calorimeter. Separating good beam-beam events from
background becomes more difficult in this region because
of the increased contribution of beam-gas scattering and
the showering of particles and photons in the beam pipe
as clearly indicated in the simulations (Fig. 19).

The telescope is installed about 13m from the IP in-
side the rotating shield of CMS with a maximum diameter
of 50 cm (Fig. 17). The length and the spatial resolution
of the detectors determine its vertex reconstruction capa-
bility. Considering that the dimensions of the detectors
are not very large, the use of silicon detectors is conceiv-
able. TOTEM may profit from the development and de-
sign work of the CMS and ATLAS trackers where large-
area silicon detectors will be used.

A design is under study where silicon detectors identi-
cal to the ones in the forward disks of the CMS tracker are
properly arranged to form a series of disks around the vac-
uum pipe. With the resolution provided by the detectors
a good measurement of the vertex position at the IP can
be obtained with a 50cm long telescope. In order to trig-
ger the telescope at least two of the planes will be made
with silicon pad detectors integrated with fast electron-
ics. The chip under study provides a fast-or signal from
128 channels for fast trigger extraction and will have a
multiplicity processor to reject special event topologies.
The timing precision (∼ 1 ns) is useful to identify the lon-
gitudinal position of the interaction point by the time of
flight.

2 developed for the ALICE Collaboration and slower than
the final electronics foreseen for the read-out at LHC.
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Fig. 15. Left : the support frame structure for the T1 telescope. Right : the half telescope

Voltage [V]

C
at

h
o

d
e 

ef
fi

ci
en

cy

2600 2800 3000 3200 36003400

1.00

1.05

0.95

0.65

0.60

0.70

0.75

0.80

0.85

0.90

Residual [mm]

E
ve

n
ts

−5 0 1 2−3 −2−4 −1 3 4 5

500

400

0

100

200

300

600

700
Mean
RMS

0.01686
0.6668CSC 3 − Plane A

3400 V
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3.3 The performance of the inelastic telescopes

The present design of the TOTEM inelastic telescopes
T1 and T2 has been simulated by Geant4 [17] using OS-
CAR [18], the CMS framework for simulation. The beam-
pipe description has been included in the simulation with
its present shape, while the magnetic field was assumed
to be turned off. A set of minimum bias events has been
generated by Pythia 6.158 [19] and has been used as input
for the simulation.

3.3.1 Geometrical acceptance and occupancy

The geometrical acceptance for the present design of T1
and T2 is shown in Fig. 18. The coverage of T1 in |η| is
from 3.1 to 4.6.

Simulated events allow to estimate the charged particle
flux through T1 and T2 by counting the hits in each plane
of the telescope (see Fig. 19). The upper line of the his-
togram represents the increase in the number of hits when
the beam-pipe is included in the simulation. The charged
particle multiplicity per event is shown in Fig. 20.

At a luminosity of 1028 cm−2s−1 the flux through the
first T1 plane is 1.5 Hz/cm2 and decreases slightly to

0.6 Hz/cm2 at the fifth whereas the flux through the first
T2 plane is around 40 Hz/cm2.

For each CSC a mean strip/wire occupancy per event
has been estimated. The strip occupancy it is around 6%
for the long strips and it decreases below 1% for the short-
est ones.

The wire occupancy depends only mildly on η and is
about 4 % for wires at high |η| and about 2 % for the
others.

3.3.2 Pattern recognition

Pattern recognition plays an important role in the capa-
bility of the telescope to identify tracks and reconstruct
the vertex of the interaction. Preliminary pattern recogni-
tion studies have focussed on finding track candidates and
obtaining a fast evaluation of the true event multiplicity.

For pattern recognition the hits of the five detector
planes are projected on an η − φ plane. This produces for
each real track up to 15 uncorrelated coordinate points
because of the stereo angle provided by the rotation of
∼ 3◦ of each detector plane. Each plane measures the hit
projections on three axes rotated by 120o with respect
to each other. Measured points for tracks coming from
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Fig. 17. The T2 telescope around the new CMS vacuum pipe

Fig. 18. Geometrical acceptance of T1 and T2

the interaction region should cluster in the same region.
Points in the same region, or road, will be associated in
the precise reconstruction of the tracks used to find the
interaction vertex. A road in the η − φ plane has a size
0.6◦ × 1◦ . Each cell corresponds to a cone in the physical
space with the vertex in the interaction point and with an
opening ∆R =

√
∆η2 + ∆φ2 = 1.17.

Preliminary results indicate that by using the three
measurements from the CSC (strips and wires) this
method is very efficient in the identification of primary
tracks with a very small probability of getting a fake track.

4 The luminosity measurement

The measurement of the total cross-section in the high β
runs provides the absolute calibration of the machine lu-
minosity, which can be expressed in terms of measurable
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Fig. 19. Hits in the different detector planes of the TOTEM
telescopes: the top line indicates the increase in the hit number
due to the presence of the beam pipe
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Fig. 20. Charged track multiplicity in telescope T1

quantities as:

L =

(
1 + �2

)
16π

(Nel + Ninel)
2

(dNel/dt)t=0
(5)
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With the knowledge of the luminosity calibration any ap-
propriate combination of TOTEM and CMS detectors can
become a luminosity monitor, the only requirement being
a negligible contamination from background events.

The absolute calibration of one monitor combination
during the high β runs is made by measuring the total
number NMon of monitor events to obtain the effective
monitor cross-section as:

σMon = σtot

[
NMon

Nel + Ninel

]
(6)

The luminosity in normal LHC runs is given simply by:

L =
NMon

σMon
(7)

Experience shows that a simple monitor is given by the
coincidence of the two (left and right) T1 telescopes T1L×
T1R. The combination has high efficiency for NSD events
and should not be strongly affected by background.

Various combinations of triggers will be monitored reg-
ularly and their relative stability will give an indication on
the background conditions of each run.

4.1 CMS and extrapolation to higher luminosities

The calibration of specific Luminosity monitors from CMS
is important in view of the measurement and monitoring
of the luminosity for the high luminosity runs.

This was discussed in joint CMS/TOTEM meetings.
In particular, two monitors have been explored in detail:
the Tracker and the Hadronic Forward Calorimeter (HF).

For the tracker it is possible to reconstruct in an effi-
cient and fast way the z-position of the interaction vertex
using the 3 stereo layers of the barrel tracker. It has been
shown [21] that the procedure will work properly, in the
presence of pile-up, up to 5 events per bunch-crossing, i.e.
a luminosity of 5 × 1033 cm−2s−1. This fast reconstruc-
tion could be implemented also by hardware to provide
an on-line luminosity measurement.

The second possibility is to count the number of HF
sectors with some energy deposition. Different groupings
(quadrants, sectors, single cells...) could be arranged for
small to large luminosities. When the luminosity gets large
it will be faster to count the number of sectors without hits
(zero counting).

Other monitors based on specific physical processes
will be cross-calibrated at intermediate luminosity to be-

come capable of luminosity monitoring when pile-up of
events will pose a serious constraint on the measurement
method.
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