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polarization in a 2.5 T magnetic field. Even higher deuteron polarizations have
been achieved in materials doped by new trityl free radicals [46], in irradiated
deuterated butanol [46, 47], and in irradiated deuterated ammonia [48]. Common
to these and to irradiated °LiD is a narrow “Electron Spin Resonance” (ESR) line
that allows one to reach a low deuteron spin temperature by dynamic cooling of
the spin—spin interactions of the unpaired electrons, as had been predicted in earlier
studies by the PT team at CERN [49].

For the large targets an axial field geometry was required, with a field
uniformity in the range of 10~°. Superconducting solenoid magnets were designed
with improved coil winding techniques, using rectangular wire to reduce the
number of compensation and trimming coils. The rectangular wire fabrication
technique was developed in collaboration with industry. The technology for
achieving a uniform field in superconducting solenoids has found other
applications, including magnetic resonance imaging (MRI).

While this highlight focused on technical development at CERN, clearly other
laboratories also contributed to the field and CERN profited from exchanges with
them. This development has now enabled us to reach over 90% polarization,
positive and negative, of almost any nuclear spin. Targets can be operated in frozen
spin mode in a relatively low field of any orientation, and in DNP mode for high
intensity beams. Beyond experiments in nuclear and particle physics, applications
of DNP are emerging in macromolecular chemistry and in MRI.

5.9 The Silicon Age: Micrometre Precision Millions of Times a
Second
Erik Heijne

Silicon sensors and custom-designed integrated circuits (“chips”) are essential
components in today’s particle physics experiments. These silicon devices
replaced earlier tracking instruments such as spark chambers and bubble chambers
which recorded the particle trajectories photographically. While gaseous wire
chambers remain preferred for covering large surfaces [Highlight 4.8], they are no
longer competitive in spatial resolution and signal speed for the smaller areas close
to the interaction region. The characteristic features that contributed to the
breakthrough of silicon (Si) detectors between 1980 and 2000 were: (i) the small,
stable and well-defined dimensions of the sensor cells of typically around 100 pm;
(i) the potential to resolve several particles, incident simultaneously on mm-size
area; (iii) the short signals of less than 20 nanoseconds (ns); and (iv) the
progressive miniaturization of the associated electronics for the processing of the
particle signals: by 2010, 65 000 signal amplifiers, digitizers and memory could be
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placed on a single substrate of Si (15 mm x 15 mm), a miniaturization which was,
and continues to be, driven by industry. The introduction of Si devices designed
for multiple particle detection was spearheaded by scientists at CERN who
exploited the advances in microelectronics technology. Si microstrip detectors
were soon widely adopted in experiments that studied short-lived charm and
beauty particles. Their decay-path, less than about a mm, could now be
distinguished separately from traces that originate from the primary interaction
vertex. Early steps in this innovation are illustrated here.

Semiconductor materials such as Si, germanium (Ge) or diamond (C) contain
only few free charge carriers, contrary to metals in which a large density of free
electrons easily allows an electrical current to flow. Nevertheless, a small current
signal can be generated in a semiconductor by the passage of a fast, charged
particle, which loses some of its energy and liberates charges. An electric field is
applied between metallic contacts (Fig. 5.21) under which the charges drift to the
electrodes and induce a signal, which is sensed by a connected amplifier. In Si it
is necessary to provide rectifying contacts (the p+ contact in Fig. 5.21) in order to
prevent a ‘leakage current’ which would obscure these small signal currents. Such
a structure is called a ‘diode’, and technology has been developed to imprint a
large matrix, e.g. 256 x 256 of adjacent diodes on the same Si substrate. In most
cases, the particle generates signal currents simultaneously in two or more sensor
cells and, by interpolation, it is possible to determine its position in space with a
few pm precision, considerably smaller than the dimension of the sensor cell itself.

A complete reconstruction of the trajectory of a particle requires the
measurement of several points in space and ‘telescopic’ arrangements of three to
four successive Si detector planes usually surround the interaction region in an
experiment.

7
p+

Vbias

Fig. 5.21. Schematic drawing of a segmented Si detector, with an incident ionizing particle.
Segmented, rectifying contacts p+ are made by ion-implantation of boron, the continuous n+ contact
is made by implantation of phosphorous or arsenic ions. A biasing voltage Vbias is applied across
the detector, generating an electrical field E throughout the n-type bulk Si, which separates the
charges created by an incident particle. The resulting signal current is sensed by the amplifiers
connected to the rectifying contacts (Drawing not to scale).
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In 1980 vertex reconstruction was achieved for the first time using a Si
microstrip detector [50], in collaboration with the NA11 experiment at the SPS,
using the setup shown in Fig. 5.22. This detector was a one-dimensional matrix of
100 metal-Si diodes, 200 um wide gold-evaporated bands on a 20 mm % 30 mm
Si substrate. The design was inspired by the earlier, so-called ‘Si checker-board’
segmented detectors used in the ‘BOL’ experiment [51] at the Nuclear Physics
Institute IKO in Amsterdam, operating at their cyclotron since 1967. This IKO
device had perpendicular segmentation at the front and back, hence providing
2-dimensional particle positions, while the CERN detectors had strips only on one
side, and several planes were required for 3-dimensional spatial coordinates. Soon
thereafter, the MPI/TU Munich and CERN collaboration perfected the exploitation
of Si microstrip detectors for charm physics research. In parallel, experiment
WATS5 using the Omega spectrometer [Highlight 3.7] also adopted Si microstrip
detectors to determine the decay point of charm and beauty particles in an upstream
plate of sensitive emulsion. WA75 published the first direct observation of beauty
particles decaying into charmed particles in 1985 [52].

Research into new phenomena in elementary particle physics experiments
frequently needs increased energy, typically producing more particles in an
interaction. However, the new phenomena tend to occur more rarely than the
already known processes, so higher beam intensities and interaction rates are
required, motivating development of innovative instrumentation. In Si detectors
high signal rates (well over 40 MHz) can be handled, as the freed electrons move
at speeds of greater than 10000 km/h: the electrical charge in a 0.3 mm thick Si

POLYETHYLENE MICROSTRIP

TARGET DETECIOR/7 1

Fig. 5.22. Left: the first operational setup of a segmented, 100-element Si microstrip detector (the
rectangle in the centre of the photo), on a support containing a few of the readout amplifier cards.
Right: (top) reconstruction of an interaction using only the wire chamber information; (bottom)
vertex reconstruction after including the signals from the Si microstrip detector. An additional
particle is found as well, the broken line. (Courtesy NA11).
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layer can be collected in less than 20 ns. Immediately afterwards, the diode
detector is ready for recording another particle. Several particles can be measured
simultaneously, even if they are as close as 0.5 mm. For these event topologies, a
true 2-dimensional matrix of sensor cells is preferable to combinations of
1-dimensional microstrip detectors. In 1989 it became possible, with the help of
the microelectronics team at the EPFL, to produce a first 9 x 12 matrix of a so-
called Si pixel detector. In this case a 2-D Si sensor matrix is connected pixel by
pixel to a corresponding matrix of readout cells on an integrated circuit, made in
CMOS (Complementary Metal-Oxide Silicon) microelectronics technology. Each
of these cells comprises a full signal processing circuit with amplifier and digitizer.
In recent implementations a memory in each cell can even store the time of
incidence and amplitude of a signal from one or several successive particles. In
1992 the second iteration of the Si pixel detector could resolve hundreds of particle
tracks on a 6 x 6 cm” area and was successfully used for WA94, an ion experiment
in the Omega spectrometer. This demonstration helped to dispel much of the
prevailing scepticism surrounding the practicality of pixel detectors. Figure 5.23,
left shows the two half planes that together constituted one of the seven arrays of
the Si pixel telescope. A reconstruction of an ion-event using this instrument in
WA97, the successor to WA94, is shown in Fig. 5.23, right.

With the introduction of segmented Si microstrip and pixel detectors, the
number of sensing elements in the experiments increased to tens of thousands or

Fig. 5.23. Left: two half-planes from the first CERN silicon pixel telescope for the WA94 Omega
spectrometer ion experiment. When mounted together, face-to-face, the six horizontal Si ladders on
one, white ceramic support cover the spaces between those on the other support. Also shown are the
receiver board (left) and the driver module placed directly near the telescope. Right: reconstruction
of tracks from an interacting ion in the WA97 experiment, using the pixel telescope with 7 double
planes (Source: WA97).
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even hundreds of millions. It is obvious that miniaturized, integrated electronic
circuits are required for the processing of such a multitude of signals. From 1985
onward, a Si integrated circuit design expertise was established at CERN, with the
16-channel AMPLEX chip as the first outcome, used in the UA2 Si pad detector
[Highlight 6.6]. Intensive contacts with experienced groups in universities such as
the EPFL in Lausanne and IMEC in Leuven helped to achieve a professional level
in chip design. The custom-designed circuits were then manufactured by CMOS
chip processing industry, while evaluation and testing proceeded at CERN. Other
particle physics institutes soon participated in concerted developments of Si
circuits and detector systems. The early steps in the development of the Si pixel
detectors have been described in [53, 54]. More recent achievements on electronic
circuits and the development of their radiation resistance are reported elsewhere
[Highlights 8.6 and 8.7]. The use of silicon detectors in particle physics
experiments as well as in space-borne research has grown exponentially over three
decades, as illustrated in Fig. 5.24, showing the Si detector area in an experiment
as a function of the year of its first operation.
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Fig. 5.24. Evolution over time of the surface area of silicon detector systems in particle physics and
in recent space-based experiments (Courtesy Y. Unno, KEK).
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