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VERTEX SPECTROMETER: SOLENOID VERSUS DIPOLE MAGNET
A COMPARATIVE STUDY
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Introduction

The function of a vertex spectrometer is to measure the properties of low-energy particles
which are produced at large angles to the forward direction. The best known and commonly used
vertex spectrometer is a bubble chamber. Recently large spectrometers have been built which
use vertex detectors (in a scolenoid or a dipole field) equipped with spark chambers, wire
chambers, proportional wire chambers, and streamer chambers. The variety of presently used
spectrometers and vertex detectors shows that it is almost impossible to construct a universal
instrument. !

Many papers have been written which study many aspects of spectrometers and vertex
detectors. 2-10 In designing a multipurpose multiparticle spectrometer facility for doing physics
at NAL and CERN II accelerators, we are faced with many of these previously studied problems,
in particular the question whether a dipole or a solenoidal field would be the better choice for a
vertex spectrometer.

It is the purpose of this study to discuss and to compare some of the properties offered by a
vertex detector using a dipole field or a solenoidal field.

To be able to make any quantitative statements we have to work with a model. The model
has been chosen to be very simple and does not represent the best solution for a vertex spectrom-
eter. The expressions we derive for the momentum resolution and the acceptance (pT versus pL)
are only approximations. Multiple scattering is not taken into account here. In any case it

affects the results for both vertex spectrometers in the same way.

A. Momentum Resolution

1. Solenoid

We assume that the incident beam travels along the axis of the solenoid (the z axis). We
further assume that the target is located on the z axis and inside the solenoidal field. In our
model -spectrometer, which is schematically sketched in Fig. 1(a), we have the target sur-
rounded by a streamer chamber., The streamer chamber can be replaced by planar and (or)
cylindrical proportional wire chambers, if high beam intensities are required. Downstiream of
the streamer chamber and the target we place wire-chamber planes perpendicular to the z axis.
To follow the particle trajectory outside the magnetic field we have a wire chamber telescope
downstream of the solenoid.

The trajectory of a particle which emerges from the target at a production angle 6 and
travels in the axial field of the solenoid describes a helix. It can be expressed in polar coor -

dinates

-34 -



r =D.sin g
(1)
z=D-¢-cot 8,
r is the radius vector, D = 2R is the diameter of the helix and ¢ the angle of rotation. The axial
field of the solenoid rotates the transverse momentum vector Pr of the particle. The rotation ¢
of the Pp vector can directly be measured by the streamer chamber and the wire-chamber planes
inside the vertex detector. The intercepts of the particle trajectory with the chambers describe
a circle in the x,y plane with the radius
33.36
R-—PT
B

We measure Pr in GeV/c and B in kG. For illustration see Fig. 2. By measuring R we can

[m]. (2)

directly determine the transverse momentum Pr of the particle.
If the particle has a transverse momentum pp we can describe its longitudinal momentum

123 by measuring the angle of rotation ¢. We obtain

2 = 313?’.‘3—62pL (radj, (3)
where z is the length of the solenoidal field. Obviously particles with Pp = 0 traveling along the
field lines of the solenoid cannot be momentum analyzed. Figure 3 illustrates the angle of
rotation 2¢ versus Py, in a solenoid with a length z = 3.0 m and field B = 20 kG.

The diameter D, ax of asolenoid, the maximum displacement 2R of a particle trajectory from
the central beam line and P are related by

4pT - 33.36

Dma.x:4R= B

[m].

Figure 4 shows the variation of Dmax with P for various field strengths (B =40, 20, 25, 50 kG).

For a given B = 20 kG and D, =2m all particles with P, + 0and Pp =0.3 GeV/c will exit the ends
of the solenoid. Their trajectories can then be followed by the downstream telescope.

With the definitions
2 P
s =;—Randta.n9 =—T,
Py,
we can easily derive from Egs. (1) a relation between Pr and the sagitta S
2
_8.33.36 (F_’E) s
Pr B z ] T
Assuming the measurement error in B and z is small compared to that of S we obtain for the
error inp,
2
8.33.36 (pL)
A 2 — =] . 4
P = = as, (4

The relation between P and Py, is given via

= .Z
pT r
We assume Az/z is small and obtain
P P (5)
Pr Pp
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The total momentum resolution in a solenoid is giveri by using the expressions in (4) and (5)

2
Ap _8-33.36 (pL
P

B'PT 7) AS, (6)

1

with p = (pT2 + pLZ)2 . For a given B and AS the momentum resolution in a solenoid spectrometer
goes as (pL/z)Z. Because of the axial symmetry of the field the momentum resolution does not
depend on the azimuthal angle. Hence the azimuthal angle bias for measuring the decay of N*
resonances is greatly reduced in a solenoidal compared to a dipole field. However, when studying
correlations with the forward-going boson system (e.g., wN - pN *) the azimuthal symmetry also
depends strongly on the horizontal and vertical acceptance of the downstream spectrometer mag-

nets.

2. Dipole
Figure 5 schematically illustrates an analogous spectrometer model with a dipole field at

the vertex. The momentum resolution in a dipole vertex spectrometer is given by

Sp.8:33.36 p 45, Q)
P 2%

z is the distance from the target to the downstream end of the magnet. For particles with

P << Py, the above formula can be rewritten
8-33.36-p
L s (8)

1?.-22

oIy

We note that Ap/p increases only like pL/z2 as compared to (pL/z)2 in the solenoid. For P =P,
the momentum resolution in the solenoid and dipole spectrometer is equally good.
In Fig. 6, the momentum resolutions of a dipole and a solenoid are shown as a function of
We assume for both cases a field B = 20 kG, AS =0.25 mm, z = 3.0 m, and a fixed
=0.3 GeV/c.

In hadronic reactions particles have an average Py which is smaller than 0.6 GeV/c and

P
Pr

independent of the incident beam energy. Hence, for reactions which include particles with
PL > 0.6 GeV/c, the dipole vertex spectrometer yields a better momentum resolution.

We consider now the case where the production plane of the particles is parallel to the
dipole field (¢! = 0). For particles with Pr >> P formula (8) is still valid. However, for
particles with Pr E Pp - which travel almost parallel to the dipole field, we have to modify for -
mula (8). For Py > Py, We obtain the approximate expression for the momentum resolution

ap . 8. 33.36-pT- 4

A
o S, (9)

B-: cos @ gz
with cos 6 = pL/p and g = gap of dipole magnet.

3. Increase in Momentum Resolution by Combined Particle Track Measurement Inside and Qut -
side the Magnetic Field of a Dipole or a Solenoid Vertex Detector

We restrict ourselves to the simplest arrangement as shown in Figs. 1(a) and 5(a) for a
solenoid and a dipole vertex spectrometer. Extending our measurements outside the field we

obtain for the bend angle « of a particle after traversing a dipole field
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The variables are explained in Fig. 5(b). If we assume an equal spatial resolution in all detectors

like Axi = sz = Ax, = Ax, we obtain for the error in the angle measurement

3
2
Ao _ 11 1 1
Z e (;*f)+—z+—z
2 L

with L = lever arm of wire-chamber telescope after the magnet and z = distance between target

and downstream end of the magnet. For L =z we obtain

Aa = 4_'5_&, (10)
and for L >> z ha = 228X (11)

This has to be compared with Aa = (8- Ax/z)(i.S)% which will be reached with a sagitta measure-
ment inside the magnet only. By neglecting multiple scattering and fringe field effects the
momentum resolution in a dipole vertex-spectrometer can be improved by approximately a factor
3.5 if the particle trajectory is followed outside the magnet.

A particle leaving the solenoid off axis has to travel through the fringe field of the solenoid.
The radial component of the fringe field compensates the forces on the particle in such a way that
the radius vector always projects back to the axis from where the particle originated. 1" This is
illustrated in Fig. 4(b). The difference Az between the origin of the particle and the intercept of
the radius vector with the z axis depends on the longitudinal momentum of the particle. For
particles with relatively large Py, (and small rotational angles 2¢) this distance is not very well
measurable and therefore would not contribute to increase the analysis power of the solenoid.

Since it does not seem practical to track particles through the solenoid fringe field, it is
better to measure their production angle and momentum, if possible, inside the good field region

of the solenoid and, if not possible, in a downstream spectrometer.

B. Acceptance

In calculating the acceptance as a function of the basic dipole and solenoid parameters
(field, field volume, and detector geometry) we again restrict ourselves to a very simple model
by making some approximations. For a given momentum resolution Ap = 0.14GeV/c we will cal-
culate the Pr versus P acceptance boundaries for the solenoid and dipole vertex spectrometer

geometries of Figs. 1(a) and 5(a) respectively.

1. Solenoid Acceptance Boundaries

The Py Versus py acceptance boundary can be derived from Eq. (1)
2-3336p
r= T ginfs—2:2 . (15)
B 2-33.36 pL

With the above formula we can calculate the acceptance boundary for particles which travel

through the solenoid and intercept the wire chambers at positions z downstream of the target.
Figure 7 illustrates a Py Versus p; acceptance boundary for a solenoid diameter D = 2m, a tar-

get to wire chamber distance z = 3m and several field strengths of B = 10, 20, 25, 50 kG. It
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can be seen that all particles with 128 > 0 and Pp below the platean value, as shown in Fig. 7, will
intercept the wire chamber at the downstream end of the solenoid.

To obtain the P, Versus pp acceptance for a given momentum resolution Ap we have to
make certain approximations for the two cases Py, z Pp and Pr E P

a) For 123 E P formula (15) can be approximated by

sT, 2R
Pp=ZPL "% PL

and formula (6) by 3
s 8. 33,36 P,

p
T B-Ap-zZ

b) For Pr 2 p_ we obtain from expression (6) the following approximate boundary condition

L
for Pr

2
P 2 <_ApB'r
T 8- 33,36 AS
which is independent of Pr-

The shaded portion in Fig. 8 represents the P versus p acceptance for a solenoid with
D =2m, length z = 3m, and a field B = 20 kG as calculated from the above boundary conditions.
The momentum resolution Ap was assumed to be a pion mass and AS = 0.25 mm.

The rabbit ears in Fig. 8 are due to the particular choice of wire-chamber geometry in the
solenoid. The deep cutouts are due to particles which get lost in the drift space between the wire
chambers. By adding more chambers the envelope in Fig. 8 can be smoothed out. However, it
should be kept in mind that multiple scattering introduced by additional chambers may reduce
considerably the Py versus pL acceptance region for good momentum resolution.

Particles with small Py independent of their Pr will not be measured well by the solenoid.
This has to be taken into account when designing a downstream spectrometer. At high energies
the charged particle multiplicity of fast forward-going particles is very high, as recent NAL
bubble -chamber exposures show. It will be very difficult to resolve individual particle tracks
within such a fast forward-going jet with a detector system of wire chambers and streamer
chambers. However, the production angle of these particles may be measured via small area,
high resolution chambers (drift chambers with 100y resolution) placed along the axis of the
solenoid.

In our calculations we have not considered the acceptance of backward scattered particles
(particles with negative pL). By pushing the target far enough inside the magnetic field and by
providing wire chambers upstream of the target, particles with negative p;, can well be
accepted and momentum analyzed by the vertex spectrometer. The acceptance calculations are

analogous to those previously shown.

2. Dipole Acceptance Boundaries

In order to make a fair comparison we choose a model dipole vertex detector [Fig. 5(a)}
with approximately the same magnetic field volume as the solenoid. The dipole magnet has a
width of W = 2m, a gap of g =1.5m, a length of 2 = 3,0m (which is the distance from the target
to the downstream end of the magnet) and a field of 20 kG. Figure 9 explains the parameters

which we use to derive the approximate acceptance boundaries. We write
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sin(%+ 9) W
4Rsin
z

z

sin _—
2Rcos (;—+ 9)

3
2
with @ = B+ 2/33.36 - p being the bend angle and 6 = pT/pL the production angle. We then obtain

. P
V—ZV Bz —T] (16)

=2tan (z_- 33360 B

First we consider the case where the production plane of the particles is perpendicular (' =90°)
to the dipole field. Using the expressions in (7) and (15) we derive the approximate acceptance
> .
Pr and Pp 2 Pp:
>
a) For pL pT

boundaries for pL z

Py = (0.03 Bz+2p) \ZTV
P 2 > Ap: B z2 .
L 8.33.36- AS
b) For pp, = Py, 2_ ap-B-W
Pr % 8- 4 33.36 45 °
Particles which are produced in a plane parallel to the dipole field (¢' = 0°) have the following
acceptance boundaries. For P, E Pr
Py = (0.03Bz + 2p.) %
2 _AOp-B- z2
PL, ~ 8333648
for p, 2 p; Wwe obtain from expression (9) with cos2 9= pL/pT
3 Ap-B-gp
Pr *8.33.36-4. 45"
The shaded area in Figs. 10 and 11 represents the acceptance boundaries for particles with a
production plane (¢' = 90°) perpendicular and parallel (¢' = 0°) to the dipole field. The momentum
resolution was assumed to be one pion mass and AS = 0.25mm as before. The curve in Fig. 12
shows the enlargement of the Py Versus p; acceptance due to particle track measurement outside
the magnetic field (for L = 2z).

It can be concluded that particles with small P which are produced in a plane parallel to the
dipole field will not be momentum -analyzed well in a dipole vertex spectrometer. There will
exist an azimuthal angle bias when studying decay angles of N* resonance states. However, as
long as the trigger system does not exclude rotational symmetry of events around the incident
beam axis and the magnet gap is adequately large, one can usually correct this effect as has been
shown by many bubble-chamber experiments in the past.

To assure rotational symmetry when studying correlations with the fast forward-going
boson system the downstream spectrometer magnets should have a large horizontal and vertical

acceptance.
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We did not calculate the acceptance for backward scattered particles. However, it can be
easily derived from the above formulae.
Compared to the solenoid we obtain a larger P Versus p; acceptance with a dipole vertex

detector.

C. Summary and Conclusions

In this section we will summarize some of the properties which are offered by a solenoid
and a dipole vertex spectrometer. We should keep in mind that all comparisons we make are
based on the assumption that both vertex spectrometers have approximately the same field
volume and the same detector arrangement.

1. Momentum Measurement and Momentum Resolution

The transverse and the longitudinal momentum measurement seem to be nicely decoupled
in a solenoid. As was described in Section A.41. and Fig. 2, P, can directly be extracted by
measuring the projected radius R of the helix and Py, by measuring the rotation angle ¢ of the Pp
vector. Good momentum resolution can be obtained for particles with large Pr and small Py
Particles with small P are poorly analyzed by the solenoid.

The dipole seems to yield better momentum resolution for particles with ;:tL/pT = 1 (Fig. 6).
Since in hadronic reactions the average transverse momentum is smaller than 0.6 GeV/c, one
buys better resolution with a dipole magnet than with a solenoid. For Pp, = Pp the solenoid and
the dipole field give comparable resolutions. Particles with P, < Pp which are produced in a
plane parallel to the dipole field are not momentum analyzed well by the dipole.

2. Acceptance

The acceptance contours in Figs. 8 and 10-12 show that in general the dipole vertex
spectrometer has a larger P VETSUS P acceptance compared to the solenoid. Particles with a
PL, of up to 20 GeV/c and a P of up to 4.5 GeV/c are measured well with a dipole magnet. If
one would restrict the physics interest only up to 20 GeV/c incident energy a dipole vertex
spectrometer replaces a downstream spectrometer as in the case of the OMEGA project at
CERN.

The solenoid, however, when applied to physics in external beams, always needs a down-
stream spectrometer if one wishes to analyze particles with small pT and large pL. This
statement does not apply to physics at intersecting storage rings, where the solenoidal field
offers many advantages over a dipole field. 12-14

At NAL and CERN II energies, however, both the dipole and the solenoid vertex spectrom-
eter will have to be backed up by a downstream spectrometer.

The solenoid field, because of its rotational symmetry around the incident beam axis, helps
to minimize an azimuthal angle bias. In a dipole vertex detector this bias can be corrected,
provided:

1. The selective trigger does not disturb the cylindrical symmetry of events and the mag-
net aperture is adequately large.

2. The downstream spectrometer has a large enough aperture to analyze all forward-

going particles, independent of the rotation of their production plane.

-37-



In any case, particles which emerge from the target around 90° have a momentum not
larger than a proton mass and their momentum analysis to about one pion mass does not require
high resolution. The solid angle within which they will not be momentum analyzed well in a dipole
field is a few millisteradian (for P < 1.0 GeV/c).

3. Matching to 2 Downstream Spectrometer

The vertex spectrometer being part of a modular system has to be matched to a downstream
spectrometer. A certain drift space between the vertex magnet and the first magnet of the down-
stream spectrometer is needed for particle identification.

To optimize this drift space a dipole vertex magnet offers more flexibility, since its Py
versus p; acceptance with good momentum resolution is larger. The dipole magnet is capable of
analyzing particles with an accuracy of one pion mass up to momenta of about 20 GeV/c, while
the corresponding limit for good resolution in the solenoid is 5 GeV/c for pp = 0.3 GeV/c (Figs.

8 and 10). The drift space can be used to increase the analysis power of the dipole magnet
(Section A. 3 and Fig. 12).

Ray tracing through a region where the fringe field of the solenoid meets the fringe field of
the dipole magnet may be computer time consuming. In practice one would perhaps try to avoid
that by independently tracing the particles through the good field region of the solenoid and the
downstream spectrometer. The two tracks, when meeting within a couple of millimeters in the
fringe field region between the vertex and the downstream magnet, will then be identified as
being one and the same track.

When using dipole magnets with very good field uniformity (for example picture frame
magnets) for the vertex and downstream spectrometer, ray tracing is possible with reasonable
computer time consumption.

4. Particle Identification

Particle identification by time of flight inside the vertex detector is difficult since the
available drift lengths are very short. Figure 13 illustrates the possibility to identify particles
for a given time of flight resolution A+ = 0.3 nsec fwhm as a function of drift length d (meter) and
momentum p (GeV/c).

All charged particles with Pr < 0.3 GeV/c (for B = 20 kG and Pr < 0.75 GeV/c for B = 50
kG) and Py, # 0 exit the ends of the solenoid and can be identified by either time of flight or ‘s
Cerenkov counters (Figs. 4 and 7). If aluminum embedded superconductors would be available
(with = 1 rad length) it would be possible to put time-of-flight counters in a space between the
solenoid coil and the iron return yoke.

A dipole magnet, with removable return iron, like the OMEGA magnet, would allow particle
identification outside the vertex detector within certain solid angle limitations.

When using a streamer chamber it is possible to separate pions from protons up to approxi-
mately 1 GeV/c by ionization measurements. 15

5. Optical Vertex Detector

We restrict our considerations to the use of a streamer chamber in a vertex spectrometer.
With a memory time of one microsecond the streamer chamber can, depending on the beam

structure, tolerate rates of a few times 106 particles per second. 15 The electrical field of the
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chamber, the magnetic field of the dipole or solenoid and the axis of view have to be parallel to
obtain good resolution. If mounted in a solenoid the chamber planes are perpendicular to the
incident beam axis and can be viewed by an optical system with a plumbicon or vidicon read out
from the upstream axis of the solenoid [Fig. 1{a)]. A chamber of one meter length would have
10x10 cm gaps. Any jet of fast forward going particles would have to go through all the gaps of
the chamber and likely produces flairs, which fuzz out the picture quality. In order to prevent
this, the chamber has to be operated in an avalanche mode, where the light output of the
streamers is less than if operated in the streamer mode. Image intensifiers will most likely be
necessary in this case.

If mounted in a dipole vertex detector the streamer chamber planes would be parallel to the
dipole field and be viewed through a hole, which could be obtained by removing one of the pole
pieces. Because of the optical access the solid angle for trigger and (or) time-of-flight counters
will be limited. In this position the chamber can be operated in the streamer mode. For reasons
of better resolution however the avalanche mode may also be preferred in this case.

6. Pattern Recognition

As has been pointed out by G. Luste3 the solenoid offers nice pattern recognition features,
which help to reduce valuable computer time for event reconstruction inside the vertex detector.
With evenly spaced chambers along the solenoid axig a simple procedure of searching for equal
chord lengths in the xy plane of the solenoid gives good results with minimum computer time.

This algorithm has only very limited application to a dipole vertex spectrometer. Other
pattern recognition methoclrs“)_“3 have been studied for dipole vertex spectrometers.

The fast forward going jet of particles will be dispersed by the dipole magnet, which in
some cases helps to reduce the pattern recognition problem. The solenoid does not disperse
these particles. However, for experiments which require very high intense incident beams (for
example electron or photon beams), this can be an advantage, because the solenoidal field pre-
vents spreading the incident beam and the associated junk over the vertex detector.

7. Access

In order to use a large spectrometer facility most efficiently the down time due to main-
tenance or to changes in the particle detection system has to be kept a minimum. Hence a ver-
tex detector which contains detectors of complicated nature has to be easily accessible. The
OMEGA magnet, which has removable modular iron return yokes and pole pieces allowing access
to the detector system from all sides seem to have solved this problem satisfactorily. The
increase in the total magnet cost due to the removable iron return yokes was approximately
<10%. 19 A modular return yoke offers also the possibility to set up detectors around the dipole
magnet, for example, slow proton, neutron or x° triggers or time-of-flight counters.

If it is possible to build stabilized superconductors out of a material which does not absorb
high-energy particles, counters can be put around the solenoid to detect or trigger on particles
produced at large angles.

8. Cost
Since the cost for the particle detection system in a dipole and a solenoid vertex spectrom-

-eter is very similar, we are quoting a cost estimate only for the magnets.

-39 -



Several approximative cost estimates 20 have been made for a 3-m long solenoid with an
inner diameter of 2 m and a field of 20-25 kG. The average of these estimates is $1.0+0.4
millions. This amount includes the cost of the superconducting coils, the cryostat, the vacuum
system, the power supply, the controls and the return iron.

This can be compared with the corresponding costs of over $2.0 millions for the super -
conducting CERN OMEGA magnet. 2 The general characteristics of this dipole magnet are
maximum field = 20 kG, inner diameter of circular coils = 3.0 m, free gap between coils =1.5m
and free gap between poles = 2.0 m.

A large fraction of the cost difference is explained by the different amount of iron used for
the solenoid (average 150 tons) as compared to the OMEGA -dipole magnet (1300 tons).

9. Conclusion

We believe that a solenoid vertex spectrometer offers many very attractive features and is
a versatile instrument for physics at NAL and CERN II accelerators. However, if we put the
emphasis on accessibility and on the possibility of setting up detectors around the vertex magnet,
we believe that a large dipole magnet with removable return yokes and pole pieces offers more
flexibility than a solenoid. We think these features are worth the increase in cost.

It should be kept in mind, when designing a large multiparticle spectrometer facility for
NAL or CERN II, that in contrast to the downstream spectrometer the vertex detector will not
scale with the incident beam energy. By adding more del at a later time a downstream
spectrometer can be updated for use at higher energies. The vertex spectrometer however,
which is densely packed with complicated particle detection systems, should be dimensioned
from the beginning generously enough to avoid 2 duplication in effort and cost at a later time.

In essence we propose a vertex dipole magnet of approximately the size of the OMEGA.
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