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1• Introduction 

Electromagnetic probes have played a very important role in the development 
of nuclear science. However, most of the existing results have been obtained 
with low duty cycle accelerators (C < 1 % ) , limiting severely the possibilities 
of coincidence experiments. ALS Saclay, MIT Bates and Amsterdam NIKHEF-K, have 
been a new generation of accelerators for which duty cycle was two orders of 
magnitude better than before. But these machines are not sufficient to study 
the correlations between nucléons at short distances. Such investigations re
quire a high duty cycle because they depend on coincidence experiments such as 
(y,pn), (e,e'p)... 

Recent developments in accelerator design are giving access to 100 Z duty 
cycle at high energy. NEAL is now one of the best illustrations of such pro
jects. This progress in experimental efficiency should be matched by equi
valent improvements in detection efficiency. Therefore, increases in solid 
angles and momentum bite of spectrometers have been discussed in great detail 
during recent workshops at Mainz1 and Argonne2. The central question is now 
to figure out what type of spectrometer is b-st suited for coincidence expe
riments. An obvious idea would be to simply extrapolate the characteristics 
of the present experimental set-ups, as, for example, the ALS SACLAY double 
spectrometer facility (fig. 1). New designs of this type of spectrometers 
have been proposed (see for example : Neuhausen2), improving solid angles by 
almost an order of magnitude. This might not be sufficient, however. 

An alternative approach is to follow the path shown by our colleagues 
in elementary particles physics and to build 4T detectors (fig. 2). Not only 
does it improve dramatically the detector efficiency, but also it opens the 
way to new schemes of experiments (as example, out-of-plane experiments and 
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Fig. 1 - The double speotvometev set-up of the 700 MeV electron linao of Saolay 
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Fig. 2. The detector MARK II at Stanford, selected to be the first used for 
the SLC electron beam colliaer. 

multiple coincidences) which are not accessible to the class. Leal facilities. 

In this talk, I will discuss the basic conditions of coincidence experiment 
and show some of the operties of specific detectors covering up to 90 % of 
4TT steradian and presenting a very large momentum bite. It will appear that 
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such detectors, compared to classical iron dipole spectrometers, present 
larger acceptances, but a smaller resolving power and a rather low back
ground rejection. The choice of which of these two solutions is to be used 
depends on the conditions of the specific experiments. 

2. Basic conditions for standard coincidence experiment 
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Fig. S - A diagram showing the 
differential time distrib
ution of a coincidence ex

periment. 
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At the hear* of any coincidence experiment is the problem of the ratio 
of real to accidental counts, as shown in the classical time diagram of fig. 3. 
At the begining of a given experiment, this ratio, R, and the number of coin
cidences to be counted, N_, can be fixed as a requirement on the quality of the 
data. This will fix the maximum instantaneous luminosity (defined as the pro
duct of target thickness and beam intensity) for which the experiment can be 
performed. An interesting expression for the lowest measurable cross section 
can be derived. Let the singles counting rates be ?i and T2 in the acceptances, 
AfiiApiAfoAp;, respectively, with a peak current, I, and a target thickness-, t. 
By defining properly the differential cross sections, 0 and a , one can 

Sl 82 
write : 

T. • a Afl. Ap. It 1 S. 1 r l l 
(1) 

The real coincidence counting rate depending on the real differential cross 
section, a_, is then : 

T R - a R Afli Api Aft2 Ap 2 It (2) 

and the accidantal counting rate, which depends on the time resolution, AT, 
is : 



T A - a a Afli Api Afl2 Ap2 ( î t ) 2 AT (3) 
A Si S2 

The ratio, R, of trues to accidentals is : 

- L _ (4) 
a a It AT si s 2 

This fixes the luminosity, It. 

If T is the accepted length of time devoted to acquisition of data, and 
C the duty cycle, then one counts a total number of real coincidences N_ : 

K 
N R - T R T a C (5) 

In term, of these parameters, the lowest cross section that can be reached 
is 

/ AT 
t/HcT-

a a 
Sl S 2 

0 R - ̂ /RN R ^ - A f l l A p i SflzlpT ( 6 ) 

This formula shows that for a certain ratio, R, and a total number of 
coincidences, N_, the minimum cross section varies only as the square root 
of the different phase space factors, in contrast to single arm experiments 
where it is proportional to them. As we are interested in measuring very small 
cross sections at lowest cost, all relevant parameters must be improved : solid 
angles as well as duty factor and time resolution. However, severe limitations 
must be taken into account. 

3. A larger solid angle does not always improve the experimental efficiency ! 

Equation (6) shows that the benefit of a larger solid angle can be res* 
tricted by the associated variations of the single cross sections. This can 
happen in two ways : 

1) By a large variation of os, within the angular acceptance. In that case, 
Eq. (6) remains true only if we take os. to be an average over angles : 

// A n <?g (e,<j>)ded<i> 
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where 8 and 4> are respectively the scattering angle and the azimuthal angle. 
However, axial symmetry with respect to incident beam removes 0 from the 
equation (7), so that : 

/*». a s . ( e ) d 6 

a - x 1 (8) 
si A6. l 

If this averaged differential cross section happens to vary as fast as A8, 
the experimental efficiency will not be improved by a larger acceptance in 
the scattering angle. On the other hand, since we have an axial symmetry of 
the beam-target system (and thus a s. is independent of <fr), any benefit in the 
azimuthal aperture is always effective. This is why the most effective de
tector should be built with an axial symmetry with respect to the incident 
beam. 

2) By the increase of the number of different particles contributing 
to a : s. i 

In all classical designs, some types of particles emerging from the target 
are stopped by shielding. In a new design presenting a larger aperture, if 
these particles are now able to trigger the detection system, they must be 
taken into account in .the expression a... This reduces the benefit of an in-

8 i crease in solid angle. 

These two limitations, 1) and 2), must always be kept in mind when de
signing wide-angle spectrometers. Quantitative estimates of the particle fluxes 
have to be performed under the specific conditions of the experiment. 

4. New possibilities presented with very large solid angle. 

1) When the solid angle of the detection system is a substantial fraction 
of the full 4TT steradians (as opposed to currently available solid angles which 
are of the order of 5><I0 3 steradians), an experiment can be performed in a 
very different manner : instead of looking successively at different kine-
matical settings, one can investigate simultaneously the full spatial dis
tribution. However, this requires a more complex detection system, as all angles 
within the angular acceptances must be measured. 

2) A new class of experiments, which I will call "out of plane" experiments, 
can also be investigated. It consists of detecting in coincidence the particles 



that are emitted out of the scattering plane (defined by the incident and the 
outgoing electrons). Such measurements are needed to perform kinematically 
complete experiments and to map out the whole set of four nuclear structure 
functions describing the reaction (see ref. 3 ) . 

3) One of the most promising fields opened by a high duty cycle machine 
is the study of (e.e'NN) reactions requiring triple coincidence measurements. 
The equivalent of equation (6) is then : 

^/* 
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(9) 

A gain in solid angle is then a very effective improvement, provided the 
restrictions expressed in paragraph 3 are not too stringent. 

In all three situations, a very large solid angle facility presenting an 
axial symmetry appears as a fundamental approach supporting some strict li
mitations. 

5. Definition of an effective duty factor 

il I / Fig. 4. A realistic time struc
ture of a beam at the exit of 

a pulse stretcher 

The duty factor is the ratio of duty time to total time. Variations of intensity are 
not included in this definition. Figure 4 shows how the intensity can vary in a 
stretched beam like NEAL. In order to take these variations into account, we 
define an effective duty cycle C as the duty cycle of an idealised prefectly 
stable beam which would give the same ratio of real to accidental counts as the 
actual experiment does. For a double arm coincidence experiment it is expressed as : 

< e - ^ 6 <I2> (10) 



(the brackets : < > mean averaging over all periods). 

Furthermore, a real beam provided by electron accelerators presents a RF 
structure. Micropulses in conventional linacs are separated by 0.3 ns. However, 
the use of stretcher rings requires lower RF frequencies, thus increasing this __ 
figure up to 1.5 ns. Time coincidence circuits can resolve such intervals of time. 
As the width of the pulses is about 0.1 ns, they fill only 6 % of the total 
period. Then, the effective duty cycle can become very low when the time re
solution of the detectors improves. This effect limits the possibility of im
proving the experiment by improving the time resolution of the detectors. To 
take it into account, the expression of the effective duty cycle is : 

A A 
<(g«Dl> 

(ID 

where g*I is the folding of the intensity by the time resolution function g(t) : 

g*I I(t')g(t-t')dt' (12) 

with the normalisation condition : 

g(t)dt - 1 (13) 

The effect of this correction is such that the beam of NEAL (714 MHz) used 
with a 0.5 ns resolution in time, will show an effective duty cycle of only 40 %. 

If the coincidences are triple, the same definition of the effective duty 
cycle gives : 

"Tl /2 
<!>' 

<(g*D 2 I> 
(14) 

6. Wide angle detectors with axial synmetry 

In principle, such an instrument could be made by covering the surface of 
a cylinder (with axis along the beam) with position and energy sensitive de
tectors. These detectors must be segmented in as many independent parts as is 
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necessary to avoid pile-up. Other layers of detectors such as plastics, 
Cerenkov counters, and calorimeters can provide particle recognition and 
energy determination. The inclusion of a magnetic field is essential to 
obtain high momentum resolution and effective low energy cut-off of charged 
particles. Momentum is measured by tracking the particle trajectories as they 
are modified by the magnetic field. This means that the particles have to be 
detected several times by position sensitive detectors. Apart from the effect 
of limited spatial resolution, accuracy in momentum determination will be -
restricted by the multiple Coulomb scattering through these detectors. 

A number of such instruments have been built. Some of the most sophis
ticated have been developed in connection with intersecting rings. They have 
been reviewed recently in ref.1*. Other developments have been investigated 
on an even larger scale for Isabelle5 and for LEP6. Magnetic fields are pro
vided with three different distributions : dipole, solenoid, and toroid 
(see fig. 5). I will present examples for each of them. 

DIPOLE UA1 

Fig. S : Three possible field 
distributions in 4ir detectors. 

SOLENOiO CELLO © 
TOROIO UA2 
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UAI [réf. ?] is the detector which has permitted the discovery of the W 
and Z bosons at CERN. It has a dipole field of 0.7 Tesla generated by aluminium 
coils and iron return yoke in a very big volume (7x3.5x3.5 m 3 ) . This volume is 
filled with drift chambers providing about 110 points per track. For this con
cept of detector, it is assumed that the particles have enough energy to cross 
through such a large number of wire chambers without loss of information. It 
cannot be applied to intermediate energy physics because of the loss information 
due to multiple Coulomb scattering. 

A detector like "Cello" [ref. 8 ] built for DESY at Hamburg presents pro
perties which could satisfy many requirements of an electron scattering fa
cility at intermediate energy : it is optimized for electron and photon 
detection. It tracks charged particles by proportional counters and drift 
chambers inside a solenoidal field of 1.3 T created by an extremely thin super
conducting coil (0.5 radiation length) on a length of 1.6 m. Photons are de
tected by liquid argon scintillators. Around the iron return yoke, 200 m 2 of 
wire chambers detect muons. A very sophisticated trigger system reduces the 
data flow to specific coincidence events. 

The momentum resolution of this detector for charged particles is limited 
to the transverse component of the momentum due to the solenoidal field. It is 
given by : 

-=*• - 0.08 PT(GeV) (15) 
T 

The effect of multiple Coulomb scattering, negligible for the energies that are 
considered, is not included in this formula. 

UA2 [ref. 9 ] , another detector developed at CERN, makes an important use of 
the toroidal distribution. It can be the most promising one for an intermediate 
energy electron accelerator. Such a distribution appears as well in the sym
metric forward and backward parts of detector as in the central one. In the 
first part, the field is generated by a set of 12 flat electric coils dis
tributed evenly around the beam axis. They cover only 20 7. of Che azimuthal 
angle. The other 80 % are free for particle tracking through a field integral 
of 0.38 Tm. For the central part of the detector, only one 60° wedge is a 
magnetic spectrometer. The five other wedges are filled with an iron/plastic 
calorimeter which also serves as a return yoke. Two large conventional coils 
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and iron core fill SO Z of the spectrometer wedge and provide a field integral 
of 1. Tm with 1.3 Mw of electrical power. 

This toroidal distribution presents several advantages over the dipole 
and solenoidal ones [see ref. 1 0 ] : 

. The particles remain at fixed azimuthal angle and therefore, this quantity 
can be measured directly. A very effective segmentation of the detectors can 
be realised. 

. A completely open space without return yoke or coil provides more room to 
implement large detectors for position and direction measurement and for particle 
identification. 

. The magnetic field is used in a more efficient way because it is always per
pendicular to the trajectory. As a result, higher resolving power can be achieved. 

We shall have a closer look at this sort of distribution. 

7. Axially symmetric field with a toroidal distribution 

i) *«ttneid 6) I Voi« 

Pig. 6. Momentum détermination of partiales in solenoidal and in 
in toroidal field. 

One can evaluate the analysing properties of such toroidal field in a sim
plified way, valid in the limit of the small bending angles. Out of the ma
gnetic field, the trajectories are straight lines (fig. 6). Consequently, their 
respective directions can be measured before and after the field area and the 
total angle by which the trajectory has been bent is, in first approximation, 
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proportional to the inverse of the momentum 

e/Bd£ 
(16) 

The momentum resolution which can be expected from such an instrument depends 
on the accuracy that can be obtained in the determination of a. The latter is 
limited by the spatial resolution, ds, of the detectors over a given lever 
length 1. It is also limited by multiple Coulomb scattering, whose contribution 
to the resolution is inversely proportional to the momentum P : <6> • — . The 
quadratic combination of the two effects gives with the weights Wi and W2 : 

da W 
IP. 

(17) 

P 
A¥> 2^2 p'+ W"k 

e /BdJl 
(18) 

To give a numerical, estimate of the momentum resolution, we assume the per
formances of currently available wire chambers : a thickness of 0.002 ra
diation length and a spatial resolution of 0.2 mm. We assume further a geometry 
of the coils such that /Bdi » 0.8 T.m and lever arms of 1 m. With these 
assumptions we find a resolution of about 5 x 10"3 at 2 GeV/c. It varies with 
P as shown on fig. 7 : at low momentum, multiple Coulomb scattering predomi
nates whereas at higher energy, the bending angle becomes too small and the 
spatial resolution terms predominate. 

1.0 *£(%> 

0.5 
• • • • • JT 

P GtV/c 

Fig. 7, Eetimated resolution of the projected toroidal detector vermin 
momenturt 



In order to make a more accurate estimate of the possible properties of 
this kind of instrument by ray-tracing calculations, we have sketched a ty
pical detector (fig. 8). The field is created by 8 lumped coils. They are 
supposed to be made thin enough to occupy only 30 Z of the total azimuthal 
acceptance. The field is not perfectly toroidal and tends to blow out of 
its "electrical jail" as it can be seen on fig. 9. In spite of this lack of 
cylindrical synmetry, the field path integral /Bd£ is almost constant on all 
possible azimuthal directions and out of plane deflections remain small 
because of compensations between entrance and exit fields. In figure 8, the 
first conductor layer is at 1 m from the beam axis and the field is spread 
radially over 0.5 m and longitudinally over 6 m. 

. . . . Wirt eliMntara Si * 0.2 mm 

— Soptr csntfuctfnf estt I I pumliM I 

TOROIDAL / COINCIDENCE SPECTROMETER Sidt vitw 

Fig. 3. Sketch of a proposed toroidal spectrometer. 

Complete ray-tracing calculations have been performed at Saclay [ref. '*] 
for this specific detector and the results are shown in fi.e. 10. It gives ab
solute resolution for all possible sets of angles and momenta accepted by the 
instrument. One can recognize the expected of 0.5 % momentum resolution at 
2 GeV/c predicted by equation (18). The angular acceptance is not symmetric 
because particles of a given charge are always bent in the same direction, 
whether they are emitted forward or backward. If the charge of the particle 
is changed or the direction of the field reversed, this asymmetric angular 
acceptance will be inverted with respect to the 90 degrees axis. Depending 
on the specific experiment, larger acceptance in the forward direction can 
be set for protons or electrons by simply reversing the field direction. 
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Fig. 9. Distribution of the magnetic 
field in a lumped coil toroid 

spectrometer. 

/•« . O.iT. 

Fig. 10. Calculated resolution, 
acceptance in nclid ay-gl*, 
and momentum bite of the 
spectrometer described in 

fig. 8. 
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This effect can be enhanced, as proposed by Blomquist , by moving the target 
along the beam axis. 

8. Technical considerations 

The realisation of such a magnetic field can be done either by conventional 
or by superconducting coils. The former solution requires a very large electrical 
power (̂  10 Mw). Therefore, a superconducting magnet is highly desirable. The 
space inside the coils can be filled with iron, thus increasing the field and _ 
providing the necessary mechanical strength to sustain the large magnetic forces 
acting on the conductors. For the magnet studied in the former paragraph, these 
forces reach several hundreds tons (see fig. 11). These coils should be built 
as independent pancakes, with their proper vacuum and cooling. They should be 
attached together on strong end rings able to sustain the permanent radial 
forces as well as the tangential forces resulting from the failure of a coil, 
which would break the symmetry of the set-up (see fig. 12). The total magnetic 
energy stored in such a system would be about 30 megajoule. A rough estimate of 
the cost of the total system can be given from the actual cost of similar 
detectors (Cello) : $ 4-8 M. 

I • 2Mt t 

Fig. 11. Radial forces acting on the conductors of a toroid spectrometer 

Fig. 12. Transverse forces acting 
on the conductor in case 

of a coil failure. 
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9. Comparison of axially symmetric magnetic detectors with classical dipole 
spectrometers. 

As seen above, although angular and momentum acceptances of such an axially 
symmetric detector are incomparably higher, other characteristics are far from 
surpassing those of classical dipole iron spectrometers. The latter have, in 
particular, two excellent properties : 

1) They can be built with an accurately predictable field pattern, thus 
allowing sophisticated optics. This provides high resolution with the use of 
only one single detection. A double detection in the area of a focal region 
can also provide high resolution in a fairly large angular acceptance with 
the help of software corrections. The location around a focal region is 
essential to minimize the effect of multiple Coulomb scattering. 

2) They provide a complete separation of particles that either are 
neutral or have a charge opposite to that which is analysed. As a result, 
one obtains an extremely high background rejection with the help of shielding 
and direction sensitive detectors. Thus, cross sections as low as 10 cm /str 
have been measured 1 2. 

The problem of background is the most important one for the use of axially 
symmetric detectors. Indeed, an enormous electromagnetic shower is produced 
by an electromagnetic beam striking a target. Important work has to be per
formed to evaluate the magnitude of the effect and to develop a strategy for 
dealing with it. Possible solutions include low energy cut-offs, sophisticated 
triggers, particle type sensitive detectors, cherenkov ring imaging, etc... 

However, iron dipole spectrometers also present big drawbacks. They fill 
an enormous amount of space with respect to the rather small solid angle they 
cover. Consequently, they interfere with other spectrometers looking at the 
same target, thus creating large dead angles. They are so bulky that it is 
difficult to imagine how to move them out of the horizontal plane. 

From the cost point of view, the two kinds of solutions may be sensibly 
comparable, considering the mass of iron and shielding (several thousand tons) 
and the size of the accurate carriages required for iron dipole spectrometers. 
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10 Conclusion 

The next generation of electron accelerators will have, as a main improvement, 
a high duty cycle. They will be used for coincidence experiments. Two totally 
different kinds of experimental set-up can be designed, a pair of two iron dipole 
spectrometers or a 4TT spectrometer. The first solution is classical. It shows 
good momentum resolution and background rejection, but it has a very low ex
perimental efficiency and presents strong geometrical limitations. The second 
solution (4ir spectrometer) is most appropriate when designed with axial sym
metry with respect to the beam line. It has extremely large solid angle and 
momentum bite. It is an important quantitative step over the present instru
mentation, provided that the particles to be detected are actually distributed 
within the full range of the acceptances. However, it cannot be considered as 
a substitute for iron dipole spectrometers because of severe limitations on 
momentum resolution and background rejection. 

4IT detectors are fundamental instruments, difficult to build and difficult 
to use. The way has been opened by elementary particles physicists. We have to 
adapt their concepts to our purposes. It is important to undertake studies in 
the light of specific experiments for which the conditions of resolution, back
ground and 'counting rate are determined. 

It should be noted that most of the high energy experiments proposed for NEAL 
do not require high resolution because they do not show sharp structure in 
momentum space. It seems to me that high resolution spectroscopy could be 
reserved for lower energy machines (less than 1 GeV). Background is the most 
important problem posed by the use of a 4TT detector. It is the point where the 
maximum of efforts must be put. The pay-off is the access to new kinds of in
formations : very low cross sections, multiple coincidences, out-of-plane 
coincidences... They can open the way to new concepts in physics. 
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