Images through semiconductors

Improved
image
processing
techniques
are
constantly
being developed for
television
and for scanners using
X-rays
or other radiation for indus
trial or medical
applications,
etc. As Erik Heijne of CERN
explains here, particle
physics
too has its own special requi
rements for image
process
ing. The increasing
use of
semiconductor
techniques
for handling
measurements
down to the level of a few
microns provides
another
example of the close
interplay
between
scientific
research
and technological
develop
ment.
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While the techniques used in par
ticle (or nuclear) physics for han
dling three-dimensional images are
similar to those used in other
fields, the objectives are often very
different. Conventional imagers
view a 'lively' scene, continuous
over space and time. The particle
physicist creates his own scene,
often within the detectors them
selves. The images in this (most
of the time empty) scene do not
evolve, as in a lively motion pic
ture, but the 'events' occur like
fireworks, without correlation.
The imaging apparatus must be
capable of recording these events,
created by shooting a single parti
cle on a fixed target or by colliding
two particles head-on. Many thou
sands or even several millions of
events per second may occur.

however the physicist might be
interested only in a certain type —
perhaps one in ten thousand or
even rarer. Within the short time
before the next collision (at most
10 microseconds or so) it must
be decided if the recorded event
is possibly interesting. If not, all
information from the detectors can
be discarded. But if the event is
of the right type, the images from
the detectors must be stored in a

Production
and decay of very
short-lived
(charm) particles
as recorded
by an
experiment
at CERN using a block
of
emulsion.
Two charm particles
are
produced
at the primary
collision
point (left) and
subsequently
decay at the points
marked
A and B. Despite travelling
at almost
the
speed of light, they manage to travel
only
a fraction
of a millimetre
before
decaying.
Special detectors
are needed to pick up
such fine
details.
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more definitive format.
The images in particle physics
contain sparse information, al
though a large area has to be cov
ered due to the random distribution
of particles in space. The data can
be compacted, neglecting all empty
space. A similar situation is found
in robotics or in navigation prob
lems, but the speed requirements
are less stringent.
Most particle detectors provide
a one- or two-dimensional pro
jected image of the event, often
with additional information such
as energy loss (wavelength, or
'colour') or momentum (measured
from the curvature of the track in
a magnetic field). With this infor
mation the experimenter can recon
struct the event in space and time.
A great step was made in parti
cle detection with the development
of the multiwire proportional cham
ber towards the end of the 1960s.
In such a wire chamber, the pas
sage of a charged particle ionizes
the gas and under the influence of
a strong electric field the liberated
electrons drift towards a plane of
many parallel anode wires. These
electrons initiate an avalanche to
wards a particular wire, giving a
lever on the particle position.
Gas-filled detectors fitted with
segmented electrodes have be
come more sophisticated, and
even in large volumes, particle
positions can be measured down
to a hundred or so microns. Special
small detectors can even get down
to about twenty microns.
Gas-filled, wire-strung detectors
are ideal for picking up the final
products of a particle interaction
once the emerging tracks have
become well separated. However
they are not suited to give an
image of the region around the
interaction point, where a system
of wires with millimetre spacing
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is too coarse to record subtle
details.
In the initial particle interaction,
highly unstable secondary particles
can be formed. Those carrying
rare quarks like 'charm' and 'beau
ty' live for only about 10~ s. Even
travelling at nearly the speed of
light, such particles do not travel
more than a fraction of a millimetre
before decaying.
Full three-dimensional images of
such particle interactions and de
cays can be obtained in blocks of
nuclear emulsion, which have to
be developed after exposure and
scanned under a microscope (see
June 1983 isue, page 184). Other
techniques have also been ex
plored and used profitably. Those
using semiconductor imaging de
vices are only beginning to make
their impact and promise much for
the future.
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Semiconductor

detectors

As it passes through matter, a
charged particle loses energy by
ionization. In a thin layer of silicon
this energy loss is about 300 keV
per mm, the exact figure depending
on the particle energy as well as
on the silicon thickness. The nice
feature of a semiconductor material
is that free electrons and holes are
generated, in silicon on average
one pair for every 3.62 eV of ener
gy lost. And these electrons and
holes can be collected at the elec
trodes in an appropriate device
within 10 to 20 nanoseconds, thus
creating a fast electric signal.
The amount of charge in this
signal is small compared to the
signals obtained in wire chambers
or in conventional imaging. It is
only about 80 electron-hole pairs
per micron of silicon, and low
noise amplifiers are required to

detect the passage of a particle
through a typical detector thick
ness of 0.3 mm. The lower the
capacitance of the detecting ele
ment, the lower is the noise. Thin
ner silicon layers can be used if
the detection elements are small
'pixels' (e.g. 40 x 40 microns) and
if the capacitance is kept small by
using an on-chip amplifier as in a
'Charge Coupled Device' (CCD).
(A CCD is essentially a row of
adjacent capacitors with separated
top electrodes (gates) which can
be alternatingly biased, so that
storage from one capacitor flows
to the next, and so on, as in a dy
namic analog shift register.)
For 'solid state' optical imaging
nearly all efforts have concentrated
on CCD and cameras are now on
the market which incorporate such
devices. For 'particle imaging', a
team from Rutherford (UK) pio
neered the application of a com
mercially available CCD device as
part of a study of charm production
at CERN (Amsterdam / Bristol /
CERN / Cracow / Munich / Ruther
ford / Santander / Valencia group,
first results in next month's issue).
Because of the small signal of only
a few hundred electrons, it is nec
essary to cool the CCD detector
to - 1 4 0 C to reduce electronic
noise. For optical imaging this is
not needed as the signal can be
increased simply by looking a bit
longer at the scene.
The CCDs are sophisticated de
vices, requiring skilful operation.
Also, available types are small and
fairly slow because all information
has to be shifted through a single
output amplifier and are not opti
mized for particle imaging. Never
theless, impressive results have
been obtained already and a double
layer CCD detector is now under
construction for an experiment at
the new Stanford collider.
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A simpler approach was adopted
originally at CERN to show the via
bility of silicon position sensitive
detectors for particle physics.
These devices, dubbed silicon microstrip detectors, consist of many
parallel diodes, made using silicon
planar technology. Each diode is
connected to an external amplifier
and the availability of cheap, min
iaturized low-noise amplifiers is
essential.
The first microstrip detectors
produced in 1980 had 100 strips
of 200 micron pitch. Presently,
various devices are available, with
up to 1000 strips of 50 or 20 mi
cron pitch. The chip size ranges
from 1 0 x 1 0 mm to 50 x 65 mm.
They have been developed in co
operation with commercial manu
facturers, leading to rapid world
wide assimilation of this type of
detector. The research effort by
J. Kemmer at the Technical Univer
sity of Munich, together with the
particle physicists of the Max
Planck Institute there, has played
a vital role in this work.
In microstrip detectors with capacitative charge division particle
positions could be determined to
within a few microns. In principle
these detectors can be pro
grammed by hardwiring or by mi
croprocessors to provide levels of
inbuilt information selection. How
ever the initial approach has been
more one of brute force, connect
ing up nearly all imaging elements.
But an effort is being mounted to
produce the necessary integrated
circuits and multiplexing so as to
dramatically reduce the number of
analog/digital converter channels
required.
Solutions using addressable stor
age capacitors as well as a parallelserial 'pipeline' signal processing
CCD are being evaluated. Tech
niques like on-chip image process
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ing and contrast enhancement are
still too slow for particle physics
needs.
A third type of detector, the socalled silicon drift chamber, has
been conceived with the aim of
reducing the number of electronics
channels. Where in a CCD the
charge packets generated by the
particles are shifted by phased
external clocking towards the onchip amplifier, in the drift chamber
this is accomplished by a lateral
drift field, created as a 'potential
gutter' towards the electrode. The
position of the particle is then de
rived from the drift time of the
charge packet.
Various presentations during the
recent symposium in Munich on
'New developments in semicon
ductor detectors' showed the im
portance of collaboration with
commercial manufacturers on the
one hand and microelectronics
research institutes on the other.
With this specialist help it may be

possible to conceive true twodimensional 'pixel' detectors with
'region of interest' readout. It ap
pears that the requirements for
particle physics have a significant
overlap with other imaging appli
cations, such as X-ray astronomy
or robotics.
There is still a long way to go
before modern signal processing
based on customized microelec
tronics circuits will be fully inte
grated into particle physics. But
thanks to the ingenuity of experi
menters and a fruitful collaboration
with electron device scientists and
with silicon specialists, important
progress is being made.

A silicon microstrip
detector
containing
1000 strips on a central ceramic
base
surrounded
by the characteristic
fanout
of
the readout
electronics.
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