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TIME PROJECTION SPECTROMETER

by

H. L. Anderson

ABSTRACT

The following report was presented as a talk
at the Los Alamos Meson Physics Facility (LAMPF)
Workshop on Single TT Exchange on January 23, 1979.

The management thought it would be a good idea if I told a little bit about
our plans to use the time projection chamber at LAMPF. My talk is about two new
developments which I feel are going to be important in medium energy physics and
in experiments at LAMPF in particular. One goes by the name of TPC which stands
for "time projection chamber". The other is an electronic device called CCD,
which is for "charge coupled device". The CCD is the readout for the TPC, but it
has more general uses that have begun to be appreciated.

It occurred to me as I was talking to Dave Bowman that the TPC is one spark
chamber development that Charpak didn't do.* It was invented by Dave Nygren soon
after he arrived at Berkeley from Columbia. Perhaps he felt he needed a good
invention to help his career along. Its development is being pursued vigorously
by TPC crews at Berkeley, at Stanford Linear Accelerator Center (SLAC), and at
other universities. Some 50 people in all (see Fig. 1) have been working to
develop the TPC as part of a major detector at PEP. The advantage of the TPC is
its ability to collect a great deal of information on the multiparticle reactions
from high-energy colliding beam experiments. The TPC makes it possible to recon-
struct, bubble-chamber fashion, all the charged particles in the reaction. It
can also be used for mass identification. With it, it is possible to determine
whether the particles are protons, pions, electrons, or K-mesons, or y-mesons.
Some five years or so have been spent on the development of the TPC and it has
reached the stage at which there is a great deal of confidence that it is going
to work. It promises to become one of the major detectors at PEP. Although it
has not been used in any experiment yet, prototypes have been built and success-
fully tested. The whole idea looks very good. Another group I know about is one
headed by C. K. Hargrove. This group is building a TPC for a spectrometer to try
to detect the y-e conversion reaction at the Tri University Meson Facility
(TRIUMF). We now have a group here at LAMPF, in which I am particularly inter-
ested, which has the idea of using TPC to do an experiment studying the normal

*The original spark chamber was invented by S. Fukui and S. Miyamoto, Nuovo
Cimento 11, 113 (1959).



y-decay. Again, the TPC appears to be just right for the job. The applications
I've mentioned are all very different in the way they use the same essential
idea. To tell you how the TPC works I would like to describe how we plan to use
it in the experiment I know the most about. This might suggest some uses you
might want to pursue for your own purposes.

In one sense the time projection chamber is a natural evolution of the drift
chamber. In the drift chamber the ionization electrons produced by a high-energy
particle moving through the gas in the chamber are made to drift toward the sense
wires by the electric field. By measuring the time of the drift from the track
to one or the other of the wires, you can obtain a more precise measurement of
the location of the trajectory between the wires by interpolation. In tiie drift
chamber these drifts occur over a distance of a few inches. The idea behind the
TPC was that if electrons will drift a few inches, they might drift much more.
It turned out to be easy to drift a meter or more. It is important to avoid
impurities that capture electrons, like oxygen. The requirement is to keep the
oxygen impurity below a part per million. Referring to Fig. 2: suppose you have
a track producing ionization in the gas, an argon-methane mixture, for example,
the electric drift field is provided by the electrode shown in the figure. In
addition there may be a magnetic field provided which is parallel to the electric
field. The ionization electrons will drift rather rapidly in the field direction.
The electric field moves them toward the sense wires while the magnetic field
keeps them from diffusing away from the field lines. Then, provided the electric
field and the magnetic field are very uniform, the electrons won't move off to
one side. The electrons drift with velocity that depends on the voltage, the
pressure, and the gas. Typical drift velocities are of the order of 5 cm/ys.
When they reach the sense wires, the drift electrons initiate an avalanche, a
large but proportional multiplication of electrons just in the immediate vicinity
of the sense wire. Thus, a segment of the particle track produces an electron
avalanche at one of the sense wires in an accurate projection along z on the x, y
plane. Other segments of the particle track will produce electron avalanches at
other sense wires, again at locations that accurately project out the x, y loca-
tion. Underneath the sense wires tuere is a whole series of pads (Charpak pads)
on which a charge appears from the avalanche. This induced charge is fed by
induction to an amplifier, then to another amplifier, then to the CCR, and
finally to a pulse-height analyzer (PHA). That's the scheme. Notice that if you
measure the time from the trigger to the arrival of the drifted electrons at the
wire, or more precisely, to the charge they induce at the pads, that time will
give the z dimension. The pad location obtained from an analysis of the pulse
heights of the set of pads nearest to the avalanche gives the x, y coordinates.
In this way you get a sampling all along the track of the three coordinates, x,
y, and z, from which you should be able to reconstruct the track in most of its
glory. Notice' that there are a great many of these pads. In the case of the PEP
application where there are many tracks, all of them can be recorded because each
pad has its own output.

In the application of the y-decay spectrometer things are much simpler.
This is shown in Fig. 3. There is a magnet with poles, coils, and an iron yoke
for flux return. This particular arrangement is an iron enclosed solenoid and
gives a very uniform magnetic field inside the coils. The electric field is
provided by the high voltage electrode shown. In this spectrometer the y comes
to rest in the gas somewhere in the middle of the gap. Then the positron from
the decay is emitted in an orbit made helical by the magnetic field. The ioni-
zation electrons from this track will drift to the readout which consists of a
set of sense wires with the pads underneath. The little dots indicate circular



T P C Crew
The members of the TPC Collaboration are

H. C. Carlthers, 0. C. Chamberlain, A. R. Clark,
O. I. Dahl, P. H. Eberhard, D. L. Fancher,
A. B. Galtieri, H. A. Garnjost, N- J. Kadley,
B. Eagstron, H. J. Hilke (visitor), R. W. Kenney,
L. T. Kerth, S. C. token, G. R. Lynch,
R. J. Kadaras, J. Hallet (visitor), P. S. Martin,
J. K. Marx (deputy scientific spokesman),
P. Neroethy, D. R. Nygren (scientific spokesman),
P. J. Oddone, D. L. Pollard, H. Fripstein,
P. Robrish, M. Ronan, R. R. Ross, G. -Shapiro,
M. D. Shapiro, H. L. Stevenson, M. StrovinJc,
W. A. Wenzel, and M- Urban (visitor) . from
Lawrence Berkeley Laboratory; C. D. Buchanan,
J. M. Hauptman, H. E. Slater, J. Spahn,
D. H. Stork, and H. K. Ticho fron University of
California at Los Angeles; W. Gorn, K. K. Kwong,
J. G. Layter, C. Lindsey, B. C. Shen, and
G. J* Van Dalen froa University of California at
Riverside; J. H. Enyder and M. E. Zeller from
Yale University; and D. Badtke, B. A. Barnett,
C-Y. Chien, L. Kadansky, J. A. J. Matthews, and
A- Pevsner fron Johns Hopkins University.

Fig. 1 . TPC crew.
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Fig. 2. Scheme for the TPC. Particle ionizes gas along its track. Electrons
drift toward sense wires; avalanche induces pulse in pads. Readout is
via CCD.



wires used to distribute the electric potential to make the electric field uni-
form. Figure 4 shows the arrangement of the readout plane. It consists of a
number of hexagonal modules on which the x, y projection of the positron track
is recorded. An orbit drawn for a transverse momentum of 52.8 MeV/c in a field
of 7500 G is shown. The purpose of the readout is to give an accurate measure-
ment of the radius of such circles. Figure 5 shows the readout system of one of
these modules. Each module consists of wires and pads as shown. Also shown are
the grid wires that are needed to channel the ionization electron from a segment
of the track and to avoid cross-talk between adjacent rows of pads. The grid
wires make it possible to separate the fields needed for drifting from the fields
needed to make a good avalanche. Each pad is 8 mm by 8 mm. The wire spacing is
1 cm. Altogether there are about 8000 pads. The problem in the y-decay experi-
ment is to measure the spectrum parameters better, by an order of magnitude, than
had been done before.

The previous experiments were done about 15 years ago. The experiments were
done rather carefully but were limited by statistics at the 106 events level. To
be able to pin down the fundamental weak interaction constants better by an order
of magnitude, we shall have to measure 10s events. The problem was how to obtain
and record 108 good y-e decays, and to do that in a reasonable amount of time on
the machine. A reasonable amount of time on the machine is on the order of 10Bs.
This meant ws had to be in a position to obtain and record a good event 100 times
every second. This works out well because the machine here has a pulse rate of
120/s. With a good event every beam burst you get 120/s. Thus, the problem
reduces to obtaining a good event every beam burst. This is how we expect to do
it: at LAMPF there is a very nice surface muon beam of energy 4.2 MeV and momen-
tum 29 MeV/c. The range of these muons is about 140 mg/cm2 (in carbon). If you
are very careful you can arrange to have the muons stop in the gas near the
center of the spectrometer chamber. Of course, there is a considerable spread in
momentum, in addition to the inevitable range straggling, so many of the muons
will stop either too soon or too late and only a small fraction will stop near
the center. We aren't interested in looking at muons that stop at or near the
iron poles and the magnet. We want to be sure that the muon stops in the central
region between the poles, for example, the central third. To do that we use as a
muon identifier a telescope made of a pair of xenon gas scintillation counters.
For each entering particle we measure time-of-fl ight to tell whether it's a muon
and not an electron, We arrange to have only one particle in the spectrometer at
any time. To keep additional particles from entering when one is in the spectro-
meter, we use an electric beam deflector as shown in Fig. 2. When a particle
enters the spectrometer, the pulse from the beam telescope triggers the deflector
to keep additional particles from entering and opens a gate for 20 us or so. We
then look for the pulse from the nwon coming to rest near the center of the
chamber. The ionization electrons from that stopping muon will begin to drift
toward a small special set of wires in the central region of the chamber. If a
pulse appears between 2-1/2 and 5 ys after the beam particle pulse, it indicates
that the muon has stopped in the central 12 cm of the chamber. A proper time-of-
fl ight in the beam telescope followed by a delayed pulse in the 2-1/2 to 5 ys
gate, signals a muon stopping in the middle of this chamber. If we see such a
signal, we keep the deflector on and look for the decay position. If we don't
see such a signal we restore the deflector and try again. Since we have a 750 ys
beam burst we have some 35 tries to get the right signature. With this arrange-
ment a good stopped muon can be identified once per beam burst with high
probabil ity.
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Fig. 3. Time projection spectrometer showing muon telescope, beam deflector,
drift ing electrons, positron trajectory from \i decay.
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Fig. 4. Hexagonal readout array for TPC.



The CCD is well adapted for reading out the information obtained by the TPC.
It is a commercial device like this one from Fsi'rchild with characteristics given
in the published data. This is the one that the Berkeley people are now
talking about. It works in the following way: the signal goes first through a
couple of amplifiers and then into what is called a charge injection port. The
charge injected is a 20 ns sample of the signal. CCD is an analog shift register
and there is a clock that drives it so that the charge, having been injected, is
transferred from the first position to the second position and then to the third
and so on down the line. The net effect is that a pattern of the pulse is in-
jected into the CCD and then shifted along within it. The amount of charge that
is injected is preserved with good fidelity as it moves along in the CCD. The
device shown in Fig. 6 has a clock rate of 20 MHz. Every 50 ns it takes a bite
of the pulse and moves it along. Thus, the CCD is able to collect the whole time
evolution of the pulse that comes from a single pad. The pulse pattern is stored
in several buckets and then shifted along through the 455 buckets of the particu-
lar CCD shown. There is room enough to collect the pulse pattern over the whole
range of drift times. The CCD keeps track of the time. While the pulse pattern
is moving through the device there is time to decide if you are interested in the
pulse or not. If you want to record the pulse you shut off the input and tell
the clock to switch to a lower rate suitable for readout. The clock may be
switched from 20 MHz to 20 kHz, 1000 times slower. This allows enough time for a
PHA to measure the height of each pulse. The point is that there are two clocks:
one is used to sample the pulse at high rates and the other is slow and allows
the samples to be read out into a PHA. In this way the pulse may be stored in
digital form. If you take the integral under this, you have the charge
collected by that particular pad. If you take the first moment of the time
distribution you get a precise measurement of the time at which that avalanche
occurred. That's how accurate dimensions are obtained. The z coordinate can be
measured to a couple of lOths of a millimeter, and according to the Berkeley
people, x and y are measured to 200 microns. Using this device you can measure
to a fraction of a mm all 3 coordinates. The accuracy in x and y is obtained
because the induced charge is distributed among several pads and the pulse height
distribution from each of these is examined to determine the center to a fraction
of pad separation. An interesting feature of the CCD readout is that if you have
a track that goes around in a spiral several times, it may pass over the same pad
several times. However, the pulses induced will be separated in time, and all
that information will be sitting there in the CCD. All the information need not
be used at once, it can be held for later consideration.

I would like to mention another application of the CCD. If a CCD is used to
look at the pulse height of a sodium iodide crystal, it can record and make
available the full evolution in time of the pulses being formed. When the rates
are high and pile-up becomes a »orry, the pulse-shape history underlying the
pulse of interest may be used to make a proper subtraction of the tail from the
preceding pulses.

At this point there was a question from the audience about the price of such
e CCD.

I have price information on two models. One model with two sets of 130
buckets each sold for $65.00 in 1975. The other, with a pair of 455-bucket
arrays, was priced somewhat higher. At Berkeley, I am told, a unit consisting
of a low noise amplifier followed by a second amplifier, a 455-bucket CCD, and
a 7-bit PHA costs $125.00. The amplifier for the pad has to be a very low noise
device with noise less than 10"15 coulombs. To keep the cost down it is neces-
sary to use a multiplexing scheme. With a TPC readout made of modules there can



be a separate CCD for each pad In one module. Corresponding pads 1n each module
may be fanned together. Thus, only 200 CCD's are needed to service 8000 pads.
The problem of which module the CCD Is reading Is easy to resolve by providing a
signal from each module and using time Information to connect the pad to Its
correct module. The total price of such a CCD readout Is estimated to be about
$50,000.

Anode Wires
Grid Wires

Fig. 5. Detail of wires and pads for TPC.


