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Calorimeters for ISABELLE

William J. Willis
Tale University

I believe that calorimeters, or total absorption ionization spectro-

meters will play an important role at ISABELLE, for several reasons.

Most important is the fact that the majority of events in ISABELLE will

have several neutrals; not just neutral pions and leading neutrons, but

lots of K, and antineutrons. We will need total absorption counters to

deal with these. Secondly, the rate of beam-beam collisions is very

high, and each one is capable of releasing a lot of radiation, ultimately

400 GeV worth. The only hope of dealing with the full luminosity, it

seems to me, is to use detectors with a very short response and memory

time that are not sensitive to soft radiation such as electrons and

protons, up to a few tens of MeV. Calorimeters fulfill these requirements,

although there may also be a few other detectors that do so. Lastly,

the fractional energy resolution of a calorimeter for a very high energy

particle can be made quite good. To do equally well by measuring the

momentum of a charged particle requires a substantial length of magnetic

field. If a large solid angle detector is needed, the cost of providing

a high magnetic field over a large volume can be great. Also, one is

then confronted by a pattern recognition problem in the data analysis,
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which can be very expensive, particularly for high multiplicity events

in the presence of heavy background. For these reasons, calorimeters

may find application even for the measurement of charged particles.

There have been a number of studies of calorimeters that compare

the characteristics predicted on the basis of Monte Carlo calculations

with those observed experimentally for a particular configuration^ " .

The success of these comparisons gives one confidence that one under-

stands the fundamental limitations of these devices, and can predict the

response of a proposed detector with reasonable accuracy.

It may be useful to review very briefly the factors that limit the

resolution of calorimeters in order to bring out the considerations that

enter the choice of detectors at ISABELLE. Consider the calorimeter to

be a cylinder of radius R and length L, which will usually be measured

in nuclear interaction lengths. For the moment, the particle to be

detected will be supposed to be incident along the axis of the cylinder.

It initiates a mixed nuclear-electromagnetic shower, some of which may

escape from the cylinder. The ionization caused by the shower is

detected either by collecting the electrons themselves or by observing

the scintillation light they produce. It may be collected uniformly

over the whole cylinder, or sampled in the interstices between dense

plates. One can then think of a number of effects which might lead to

fluctuations in the output for an incoming particle of given energy.

1, Statistical fluctuations in the number of electrons or

photons detected. First, it is clear that there are enough

electrons or photons available to make this negligible if they are

all collected. There will be one electron for each 30 GeV of energy

released, or one useful photo-electron from scintillation light for each

keV; so for particles of the order of one GeV and more, there is potentially an
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abundance. If the energy is only sampled, there can be much less,

particularly if the sampling is done by detecting ionization in a

gas, and there may be a big loss in collection, particularly in a

scintillation detector. However, we may safely assume that the

detector can be designed so as to make these fluctuations negligible.

2. Fluctuations in the loss of energy carried away by

neutrinos and muons. These particles fail to interact in the

calorimeter, so a high energy muon leaves only a fraction of its

energy in the detector and a neutrino escapes entirely. Every time

a positive pion comes to rest, there will be about 100 MeV lost to

neutrinos. Pion decay in flight can produce much larger losses,

but this is a relatively rare occurrance. Detailed calculations show

(3)
that the resolution due to this effect is at the one percent level.

3. Fluctuations due to the loss of hadrons and electromagnetic

radiation from a detector of finite size, and to the loss at the

entrance face, i.e. backseatter. The backscatter loss can be shown

to be rather small, and does not contribute appreciably to the

resolution in a practical case. The loss outside the sides and

ends is appreciable in essentially all the calorimeters that have

been built just because the device has to be quite large to cut the

losses to the kinds of figures mentioned for the more fundamental

effects. This is shown very nicely in some calculations by

R. Hofstadter and E.B. Hughes , using their Monte Carlo program

which is an adaptation of that of Ranft . Figure 1 shows the

loss as a function of length, and Figure 2 shows the loss as a

function of radius. Figure 3 shows the kinds of distributions

resulting from incomplete energy collection. One concludes that

the detector needs to be about two interaction lengths in radius
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and about six interaction lengths long, with the length increasing

slowly with energy.

4. Nuclear binding energy. When a high energy particle

disrupts a nucleus in the calorimeter the energy of the final state

particles is equal to that of the incident particle, less the

nuclear binding energy difference. This can be a substantial

effect, especially for incident particles in the few-GeV range-

The calculation is not well defined unless one specified the inte-

gration time of the detector. For example, many beta-unstable

nuclei with high excitations are present. These have very short

lifetimes and some of their excitation energy will be detected. Also,

there will be a fair amount of energy in the form of neutrons of tens

of MeV. In a large detector most of this energy will be collected,

but only after a delay due to its relatively slow velocity. As

usual, if one wants a very fast response, some energy resolution must

be sacrificed. Some calculations by Turkevitch deal with these effects.

5. Non-linear response of the scintillator. Most of the calori-

meters built to date have used organic scintillators. One property

of these is a non-linear response of the scintillator light as a

function of the energy of a particle of given mass. As a particle

becomes slow and the ionization becomes large, the light output

saturates. As a result, slow particles give only about a third

as much light as they should. Fluctuations in the amount of energy

in slow particles then limit the resolution of the counter.

This effect is especially serious for the incident particles

of a few GeV. Very high energy particles initiate showers which

rapidly become primarily electromagnetic since in each generation

a third of the energy goes into photons, roughly, and very little
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of that ever reappears as hadrons. In these showers then, little of the

energy is in the form of slovx particles. But, for showers below 20 GeV

a lot of the energy is in the form of slow prongs from the nuclear

stars and this effect can seriously limit the resolution. Of course,

even at ISABELLE many of the particles we want to measure have energies

of only a few GeV.

One might get around this effect by taking advantage of the fact

that the scintillation light from s. saturated track has a longer decay

time. Suitable electronics could weight the response accordingly, but

at the cost of a considerably slower response time overall.

The effect of saturation is also present in sodium iodide

scintillators, but it is much reduced. It is not present in noble

liquid scintillators. It probably would not be a problem in a device

that measured the ionization by collecting the electrons.

6. Sampling fluctuations. A popular form of calorimeter consists

of plates of some heavy material, often iron, sandwiched between

scintillators, usually plastic ones. The plates are about one

radiation length thick, roughly about a quarter of an interaction

length, depending on the material. This clearly gives rise to sampling

fluctuations. This is true even for the electromagnetic component, but

it is especially true for the nuclear fragments.

Figure 4 shows the effect of sampling on resolutions, from the work

of Hofstadter and Hughes^ ' who have also made experimental studies on

lead—Nal sandwiches with incident electrons. The effect is less

pronounced for the high energy farticles, which produce bigger showers

that are better sampled, and whose showers are more electromagnetic.
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These results show that this effect is probably the main limitation

to the resolution of the conventional calorimeter, where about ten

percent of the energy is dissipated in the scintillator. It also shows

that the effect does not go away very fast as the amount of scintillator

is increased. There is not much point in making a calorimeter that is

half scintillator, for example. The conclusion is that it is very

advantageous to make a detector that is all active volume, without sampling.

7. Non-uniform collection. Even if the statistical fluctuations in

the signal are negligible, there may be serious effects on non-uniform

collection eff-"iency, which may lead to fluctuations on individual

showers. Suppose the light collection in a continuous scintillation

detector is made by phototubes at the boundaries, with perhaps 0.1% of

the surface being covered by photocathodes, collecting 0.5% of the light.

Sometimes an event might contrive to dump a lot of energy in a shower

right in front of one of the phototubes. The collection efficiency for

that event could be considerably higher than the average.

For some purposes this effect may be particularly annoying because

it is just about the only phenomenon that could produce a long tail

extending to the high side of the resolution curve. It can be minimized

several ways, but the most important step is probably to record the

output of a number of different phototubes separately. A proper

statistical treatment of the data will then give a low weight to anomalously

high signals. This method has been shown to be very effective in reducing

the tail on the Landau distribution, for example.
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Keeping all these factors in mind, let us survey different types of

calorimeters. The most common type is the iron-plastic scintillator sandwich.

It is not too difficult to make in large sizes and with an adequate thickness.

The light collection uniformity can be made reasonably good. The response

time is short, though not as short as for some other geometries, since the

light has to bounce out to the edges of the plastic. The cost is rather high

because the plastic scintillator is expensive and huge quantities are needed.

The energy resolution is limited, especially at the low energy end, by two

important effects, the non-linearity of the organic scintillator and the

sampling fluctuations. The resulting performance may not be adequate for some

applications, but if it is, this is probably the preferred solution at the

present time.

A variation on the scheme is to use liquid scintillators to reduce the

cost. A problem which has not yet been satisfactorily solved is how to get

the light out of the narrow gaps between the plates.

Another variation is to use gas proportional chambers in the gaps. The

non-linearity is thereby eliminated, but the time resolution may be somewhat

poorer.

As we have seen, an important step in obtaining better resolution is the

use of a continuous active absorber. The simplest such detector is a large

volume of liquid organic scintillator. Such a device has to be quite large,

since the interaction length is about 0.6 m for this material, and the

radiation length is about 0.4 m. (Only for such light materials in the length

of the counter determined by the radiation length. Calculations show that
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the thickness should be about 20 radiation lengths.) Such a counter has been

built by Cline, Mann, and Rubbia^ ' with an adequate size 25 feet long. The

scintillator cost is of the order of $1,000 per cubic meter. The resolution

has not yet been measured, but it should be limited mainly by the light

collection fluctuations, and by the non-linearity of the organic scintillator.

This detector is a good solution for many problems, though the resolution

for few GeV particles may be limited. Also, for a 4n detector the size

3
becomes very large, well over 1000 m for a detector for ISABELLE.

Hofstadter has pioneered in the development of very large sodium iodide

detectors. These are ideal in many respects: there is no sampling, the

linearity is sufficiently good, and the length needs to be only about two to

three meters. The response time is a problem, since it is estimated chat

resolution would suffer for integration times below 200 ns. The main problem

is cost, which may be of the order of 100 times as much as organic scintillator,

per unit volume. Of course, in a 4n detector much less volume would be needed.

A detector of the size required to contain a hadron shower has been

assembled at Stanford and will be tested soon. It will be very interesting

to see what resolution can be achieved since it is unlikely that the resolution

in this detector will be surpassed.

Another possibility which has not yet been tried is a noble liquid

scintillator. The element, which has an attractive cost, is liquid argon,

3
which costs about $300 per m . The interaction length is only », little less

than that of the liquid organic material, but the radiation length is about

one third as long. The response should be extremely linear, and the rise

time is of the order of several nanoseconds. It seems to be almost ideal;



- 13 -

though one peculiarity is that the scintillation light is in the deep UV, and

a wavelength shifter must be used on the phototube face. Of course, it must

be kept near liquid nitrogen temperature. (The real ideal would be liquid

xenon, with its short interaction length, but the cost is high. It may be

competitive with large blocks of Nal, though.)

We have been interested in this possibility at Yale, and G. Read, P. Nemethy

and I have investigated one crucial question: whether the liquid is

sufficiently transparent to its own light. We found, with standard tank

argon, that one component of the light attenuated strongly in the first few

mm and the remaining 20% had no observable attenuation ovex about 2C cm.

A companion CRISP note outlines a program that might be followed to

develop a detector based on this scintillator.
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