ISTITUTO NAZIONALE DI FISICA NUCLEARE

Laboratori Nazionali di Frascati

LNF-78/13(R)
8 Marzo 1978

P. Spillantini: A LARGE ACCEPTANCE TOROIDAL MAGNET
FOR THE STUDY OF MANY-BODY FINAL STATES AT A
STORAGE RING. PRESENT POSSIBILITIES AND CON-
CEIVABLE IMPROVEMENTS.

Servizio Documentazione
dei Laborstori Nezionsli di Frascali
Css. Postale 13 - Frescali (Roma)




INFN - Laboratori Nazionali di Fraseati
Servizio Documentazione

LNF-78/13(R)
6 Marzo 1978

P\, Spillantini: A LARGE ACCEPTANCE TOROIDAL MAGNET FOR THE STUDY OF MANY-BODY
FINAL STATES AT A STORAGE RING. PRESENT POSSIBILITIES AND CONCEIVABLE IMPRO-
VIEMENTS,

In standard multibody counter experiments only a few energetic particles are identified and
accurately measured ("trigger particles") while the remaining ones (up to 10-20 at ISR, or PEP and
PETRA) are roughly measured to give the pattern of the event.

To obtain a reasonable efficiency for the detection of complete final states the pattern iden-
tification device must cover nearly the whole solid angle (Fig. 1), For instance at the ISR 7 rays
from 5 © décay are often used as trigger particles over
alsmall solid-angle; and are registred by a detector lo- 4
cated behind the ¥ 4% detector for charged ]particles(l).
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Charged particles, in particular at low ener (—- )
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may be too much disturbed by the pattern identification 4.
apparatus to be easily used as trigger particles., More

over it is often desirable to generate a trigger depend- O F
ing on event pattern more than on the existerice of a par

ticular particle (e, g. large p, Jjets versus one large o
secondary). Therefore any effort should be made to per
form complete particle identification and morertum fea,
surement within the 44 détector. When this criterion is : o
extended to the most energetic particles, the moment’iim E ARAy 1
becomes a very privileged kinematic variable, gince re= _ ; :
solutions and performancies of the detector are-challenged for secondaries near the maximum ener
gy of the machine and not at the most frequent energy of the prodiucts (which is often 10-20 times
lower),
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In such ambitious detectors, despite their complication and enormous cost, the request of
complete particle identification inevitably implies some loss of solid angle for tracking. In addition,
thie request of momentum measurement for energetic secondaries makes the analysis of the detec-
ted events very complex, because low enérgy particles spiralize in strong or/and large volume ma
gnetic fields, and describe a complex trajectory 2), In such a situation the calculation of the effi-
ciencies is difficult and can be strongly "model dependént”,

A tentative solution of the above problems is to dégign large solid angle devices based onh.a
lumped coil or a thin coil solencid, in ordeér to let a large fraction of the secondaries come out of
thle magnet and be available for additional measurements., However, the average transparency (in-
cluding photons) cannot be very good (e. g. in & solenoid, the coil thickness is in general & 0,5 ra-
diation lengths), and also the difficulties of analysis mentioned are still present, Moreover the re-
turn yoke ‘of the magnet must be integrated in the external device and causes limitations to its per-
formances,



In the following we will describe a full solid angle device based on a magnetic field which is
particularly suitable for pattern identification of a multibody event.

In scattering experiments "nature works in polar coordinates" (&, @; see Fig. 2) so that
ideally the structure of the detector should be such that the
various relevant measurements which are performed se-
quentially do not mix ¥ and . It is well known that as far
as momentum measurement is concerned this can be obtain .
ed only analgsmg the produced particles in a toroidal ma- =
gnetic fielal generated by an electric current running a-

—%%%A)—)-- ). In this case
the field lines are circles centered on the beam line (Fig. 3),
and each particle moves on a bi-dimensional trajectory on

a @ = const. plane {see Fig, 4). Hence the ¢ -pattern of

the event is conserved; this should result into an important FlG. 2
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. FIG, 4 - In a toroidal field each particles emerging
BFIG. 3 &
———— from the beam line moves on a bi-dimensional tra-

jectory on a @ = const. plane.

simplification of pattern recognition and momentum measurement, Furthermore the field lines are
closed on themselves, and no iron is necessary to return the field flux, so that the space around the
coil is completely free, For instance a toroidal coil can be used as internal core of other magnetic
devices (see Fig. 5).
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FIG. 5 - Since no iron is necessary to return the field flux a toroidal coil can be used
as internal core of other magnetic devices.
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In a toroid around the intersection of a storage ring, in order to produce the field a current
must run in practice in a cylinder around the beam axis and parallel to it (Fig. 6). This is the main
difficulty connected with the construction and implementation of a toroidal coil, as the current must
be huge in order to produce a useful field, while the conductor carrying it must be very thin such\ as
to be sufficiently transparent to the particles.

We shall now make a specific example. Consider an aluminium water-cooled coil covering
the central region of a storage ring intersection, with a zenithal acceptance A4¢ = 25°-155%, and,



_FIG. 6

two A49=0°-20° cones kept free along the beam (see Fig. Ta and footnote 1), Radially the device
wiill have the structure and the dimensions reported in Fig, b,
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FIG. 7 - (a) Acceptance of the central toroid (48/4m = 0, 91) with indicated small
angle cones free for any other device, The "blind region" amount to only ~3% of
the total solid angle. (b) Radial structure of the central device,

In the design of the coil a fundamerital choice must be made : the conductor producing the field
(inner conductor) has to be "continuous", In fact lumped coil schemes (e. g. the Oktupus project 5
for DORIS) do not allow to cover a solid angle larger than 2(0.6:0.7)x4xm, Moreover the field in-
side the conductor is much stronger than outside (by about 2 in the Oktupus project) and the stresses
between the coils are huge. On the other hand, for a continuous conductor the stresses between the
coils can be well compensated and remains only a magnetic pressure which tends to expand the con-
ductor radially. In practice, if the inner conductor is an aluminium water-cooled cylinder it can ea~-

NTote 1 - The use of toroids for momentum analysis in the small angle regions causes less problems
and is not discussed here. There are already examples of such magnets either under construction
oy in operation 4),



sily resist the magnetic pressure (see Fig, 8). The ocutér conductor needed to return the curreént
can be made either continuous or lumped, since the magnetic stresses at large radii are much
weaker.
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FIG. 8 - Thickness of the inner conductor as a function of the total carried current
I, for some values of the electric power spent on it, compared with the thickness

necessary to support the magnetic pressure on the conductor itself produced by I,
The insert visualises the symmetry of the magnetic pressure on the inner conductor,

An aluminium water-cooled toroidal coil for the central region, -

The following is a tentative design of a realistic toroidal coil for a central magnetic detector.

We suggest that the coil be built by winding a conductor of different section in the different
portions of the turn (see Fig. 9).
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Let 's' be the thickness of the inner conductor, -and suppose that the sedétion of the lateral aind
external conductors scale as s, We have:

RTotal = RInner(l +t&) oz = gTotal electric résistance of the whole coil

8

= electric resistance of thelinnepr

Rinner
condtictor
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I Total _ VE P = power dissipated in the whole coil
I (1 +¢) ~ Total
noer I = electric current
0 = density of current
1 1 .
6 t\_{ —— — X = % Y . 2 1. e
Max 3R, 5 oz \!_s- R1 radius of inner cylinder
& & 1.
and in addition:
Multiple scattering in the inner conductor o \IE l percent error due to
- . —> multiplé scattering
4% = deflection ‘L INDEPENDENT of s
X = sagitta o= I oc Vs _ percent measurément
H, = lateral displacement g 7 errors o= 1/V5.
caused by the field

It is therefore convenient to reduce the thickness s (i. e. to increasge the transparency) as
much ag possible to reduce the overall measurement errors (notice however that the error caused
by multiple scattering on the most important parameters - AY and Hg - does not depend on s).
Therefore the current density in the material which cannot be increased indefinitely, represents
thHe limiting factor to the transparency of the coil for a given required field.

Ag a reasonable guess we suppose to be ablé to run in the inner conductor a current density
of ~50 A/mm?2 (less than 1/2 of the current density at which the CERN septum magnets are opera-
ted). Possibly an independent cooling circuit for this high current density section should be emplo-
ied (see again Fig, 9). With a power supply of 3 MW applied to a coil as sketched in Fig. 10, about
1/2 of the power is spent in the inner conductor, whose thickness would be 10 mm (footnote 2)

Charged hadrons have a ~3% probability to undergo an inelastic nuc‘lear interaction in the
inner conductor (estimated by averaging an isotropic distribution over the acceptance)., Hence at
the average charged particle multiplicities at the ISR or foreseen at PEP and PETRA energies
{~ 6-8 charged prongs per event) only one charged particle in 5-7 events would be lost for momen
tum measurement, which looks very good even if momentum analysis of all charged secondaries is
emphasgized. The relevant parameters of the coil of Fig. 10 are quoted in Table I, and the corre-
sponding resolutions are shown in Fig. 11,

TABLE 1
Relevant parameters of the aluminium water-cooled coil sketched in Fig. 10

Overall dimensions : Liength (L) 2 m

Max. Radius 1m

Min, Radius (R4) 0.25 m
Solid angle fraction (48 /4m) 0.91
Inner conductor average thickness (< s%9) 1 ecm
Power supply (P) 3 MW
Max magnetic field 0.657T
Max magnetic pressure (at R = 0, 25 m) 1. 65 atm
Max current density ‘ 52 A/mm?
Total weight 0.36¢t

Ndite 2 - The quantity, velocity and pressure of the water necessary to exchange this ige power re
leased in such a small cylinder can be determined only in a detailed project. Values more conser-

vative than those reported in the appendix can be obtained for the coils discussed here and in the
following,
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To safe electric power the side and outer part of the coil can have a large cross section, If

they are doubléd while keeping tlhie same current dénsity in the inner conductor and thus the same
momentum resolution, one would reduce the power to 2 MW,

A coil of optimtim transparency. -

If a current density of ~100 A/mm? is accepted in the inner conductor (see footnote 2) its
thickness can be reduced to 4 mm (see Fig. 12). The coil would be the same as in Fig, 10 (execept
the inner conductor thickness) and the regime power still be 3 MW, The inner conductor can still
resist the magnetic pressure (read again Fig. 8, with 1, 87 MW/ m dissipated in the inner conduc-
tor). The inelastic scattering probability would drop to 1.2 % (e. g. one interaction each 11-14
events of PETRA-PEP) at the small price of a worsening by a factor of 1. 33 of the magnetic field,
and hence of all measurement errors (e, g. about 95% of the charged particles would have the mo-
mentum measured to better than 10%, at PEP and PETRA, and better than 4% at ISR).
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Limiting momentum resolution: aluminium wat er-cooled coil, -

We xould like to add here a few comments to the scheme suggested for PETRA(s)
ced in Fig. 13. The increase by a factor of 3 of the inner conductor thickness
to improve the resolution (for the same 3MW power supply) only by ~1,3 (

FIG. 12

and reprodu
respect to Fig, 10 allows
pay attention to the different

geometry; see footnote 3), while in average in about 50% of the events at least orie charged particle
would undergo an inelastic scattéring in the inner conductor: this would produce some confusion in the

Néte 3 - To take into account the different geometry of the two coils the resolution quoted in Fig. 13

must be reduced by ~~ 1.4 to be compared with those reported in Fig. 11,
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FIG. 13 - Longitudinal and transversal cross sections of the usual Aluminium coil and its
detection system.
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tank {solution Al in the enclosed table).
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pattern of A 50% of the events and would cause "~ 10% of any trigger hadron to be lost, It is clear
that, as long asg an aluminium water-cooled coil is used, it is not convenient to increase the thicg
ness of the inner conductor, since the frequency of the inelastic interactions increases fast with
it while the momentum resolution does not improve significantly.

Limiting resolution: a superconducting coil. -

A superconducting coil requires a vacuum tank and a support structure, and it can be ad-
vantagedus only if the current density can be pushed very high and the ratio superconductor/cupper
can be made large. The best solution is to base the coil degign on the parameterg of the thin sole-
noids constructed at LBL to test the dynarmical stabilization method of operation' '), As a reference,
the coil suggested for PETRA in ref. (6) is reproduced in Fig. 14, and the momentum resolution
that can be obtained is given in Fig, 15,
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FI1G, 15 - Momentum resolutions for the AT and A2 solutions of the superconducting coil
reported in Fig. 14, The momentum resolution for the M1 and M2 solution (Aluminium
replaced by Magnesium) are better by a factor of 0,873 0, 97,

We consider here a possible struc ?&Lugﬁﬁﬁlggg?i?gﬂg%%)‘ et

ture of such a coil as reported in Fig, 186,

Two points must be mentioned that could
make this coil easier to be constructed

than the test LBL coil:

FIG. 16 - One turn of the superconducting
toroidal coil,
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1) As the field is o 1/R the energy density is o= 1/R’.2, and is maximum where the volume is mi
nimiim, so that the stored energy is much less than in a solenoid, with the same bending power,

2) The coil works always under compression on the quenching structure, this ensuring mechanical
" stability and a good thermic contact.
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APPENDIX - Design of a toroidal coil for ADONE and ALA(X) (Vs 13 QeV),

Tn multibody production at moderate total energy (as at ADONE and ALA, Vs & 1.3 GeV) the
reishardly any jet, it structure possible, all particles are bound to have low momeritum and can-
not easily be grouped into jets. A low magnétic field is sufficient to analyze any charged secondaryand
the main problem for aspectrometer employing a toroidal coil is the construction of an inner conductor
thin enough that a large fraction of the secondaries be absorbed in front of the spectrometer.

In the following the guide lines for the detailed project of an #luminium water-cooled thin
toroidal coil for the central region at these low energies are givén,having the saime geometry as
sketched in Fig. 10 except for the thickness of the inner conductor. Indeed, this can be reduced to
only 3 mm, while being still suffieient to resist the magnetic pressure when supplied with up to 2
MW (see footnote 4) power consumiption (see again Ii ig. 8, with ~1 MW/ m dissipation in the inner
conductor). In this coil only a few percents of the m's produced in the most frequent interactions
are absorbed by range (see Fig, 17).
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FIG, 17 - Phase space unbiased momentum distribution of w's and K's in

eTe™ annihilation at <s»= 1. 6 GeV for some typical final states.

The following relations are valid:

P = 962V P = digsipated power (W),
0 = aluminium specific condu("tlv:lty 2.83x108 Qxm,
0 = current density (A/m?)
V = volume of conductor.

(x) ALA is a new high intensity e‘e~ ring of energy similar to Adone, which is planned in Frascati.

Note 4 - I note that the 2 MW power supply (5000 A at 400 V) presently installed at ADONE would
be adeguate for this purpose.
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I = 9§ x section I = total current (A, if section in mz) =iN,
i = current in one turn of the coil,
N = number of turns of the coil.
p; = Pi/N p; = power dissipated in the inner conductor by a single turn {(W);

P, = power dissipated in:the whole inner conductor.

q, = em 4T q; = as p;, but measured in cal/sec = P;/4,18, B
m; = water flowing per secorid in a single turn in the inner conductor (gr/ sec),
AT = temperature variation of the water (°C) from: input to output,
¢ = specific heat of the water<(=1 cal/gr.°C).

{ _IEL)Z'
Py = 0.0025 1i —-—I—IE.,——'—— P_ = pressure of the water (m of water/ cmz),
d 1, = length of the inner conductor (m),
M, = as my, but measured in m3/sec 4 10'6 m;
1 = number of water léads (circular and identical) in each coil in-the
inner conductor,
d = diameter of the hole (m).
‘ Nrm;(d/z)z e : - , o o
RW S R.xosS RW = ratio between the sections of the cooling water cricuit and of the
iX <8z lumini in the inner conductor
aluminium in the inner co s
£s8y= average thickness of the aluminium: in the inner conductor (m),
Ri = internal radius of the coil (m),
x = 10'/1I pi/nn;d 1i x = power exchanged between the aluminium and the water in each

leads in the inner. conductor (W/em?),

These formulie when applied to the coil of Fig, 10 with <s% as a parameter.{and assuming
the section of thé aluminium conductor in the lateral and external sections of the coil to be five times
larger than in the inner conductor), give:

o2 2 2.2 N
= = +
Prorar = @0, Vy *0,Ve) = Py * Prpgr » .
where :
P = power dissipated in the whole coil = 2 MW (see Footnote 4),
TOTAL T o . : )
P = power dissipated in the inner-conductor,
PREST = power dissipated in the lateral and external conductors.
(‘Si = current density in the inner condictoer,
‘Se = current density in the lateral and external conductors = 0, 2 61 ,
hence for the inner part of the coil wée have: -
1 : 6 Pi 6
% i i = 1. 2 1 . ~— = (. Y
P, 7565 Pror 275%x10° W T 0.98x10° W/m
6 =4.70x108 -1 A/ m®
<s>
1 =7.38x105V<s> A

N = INTEGER (1.48x10%x\<s> ) >

p. = 862 = 4.18x10%M, 4T = 4.08x10% nxd

Vs>
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d = 0.0367x JRy/n x>
x =0, 5’75/(\1an“‘/ x %/(sb' )
(M, /n?) L2
i - -5 x .1
Py = 0.0025 1, —= = 0.312x1070 2o =,
oa 4T7 d

Numerical values for two average aluminium thickness <s» are reported in Table II,

TABLE 1I

&E

2»3 < M. for Ry = 0,25

o g ré: i

. gg” ~for water ‘n=® i n=2 n-=4

s> é ! Nolgal By AT = 30°C yeloeity 4 | Py a Py, d | Py
(m) | (A/m?) (a) () (W) (m¥fsee) |(mi/sec)| (o) | (Atm)| (m) | (Stm)| (m) |(Atm)
0,003 | 86.0x108 | 404x103 | 81 |o0.0194 | 15.78x10° | o0.126x10°3] 9.18 | o0.0093 4.6 }o.0030| 6.5 |o0.0021] 9.2
0.005 | 66.6x105% | 524x10% | 104 |0.0151 | 15.25x10% | 0.098x10~3| 4.22 |0.0055] 0.75 |0.0039| 1.06! 0.0027] 1.5

The last formula can be represented in a graph (see Fig. 18) in the form :

g - Q.68x10 3/ x 2
B3 yrea

="

This graph helps in finding easily the working point for the inner part of the coil (pressure and tem

perature gradient of the water, and amount of heat exchanged between the aluminium and the water).
Numerically, for Ry = 0.25 and PW = 80 m of water/ em? & 8 Atm we obtain:

<8y =0.003m n-=1 x = 96 W/cm? d=4.2mm AT = 220C
ne2 68 W/ cm? 3.0 mm 260C
n=4 48 W/ cm? 2.1 mm 319C
n=8 34 W/ cm? 1.5 mm 38°C
£s> =0.005m n=1 68 W/cm? 6.0 mm 9°¢C
n=2 48 W/cm? 4,2 mm 11°C
n=4 34 W/em? 3.0 mm 14°¢C
n=8 24 W/cm?2 2.0 mm 18°C

Values of . x and AT are technically accessible already for <s> = 0.003 m and n £ 8 The choice
of n depends on the design of the section of the conductor.

The assumed value for RW("" 0.25), the convenience of chosing a simple shape {rectangular)
for the section of the conductor, and the need of a safe thickness of aluminium around the lead
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v

Pl cf g wad RATIO Rw (mreslnwmmm)
ol Lo ina D ppRr <8¥ 2 0.003im ,1.~
K et B22 ' AND FOR DIFFERGNT NUNBERS

! 25 0. =4 OF LEADS TN £ACH CURRENT TURN .

M
{

|
i
-

- I
b T B ! e 1
ol l "as ABove” |

. FoR<$>0,006 m |

T e e N Y Y Y EREEA Ot ORI OO ORSE HE 1 I

_I:‘_I_(;r____l_tz - Liead diameter (d in mm) versus power (x in W/ cm‘z) exchanged between the
aluminium arid the watér in each lead in the inner portion of the coil, for different tem
perature gradients (AT) of the water (solid lines) and for difféerent numbers of leads
per current turn (u) and different water pressures (PW inAtm) (broken lines). Different
ordinate scales refer to different values of the water pressure Pyr. The additional
scales in abscissa refer to the values of the ratio (Ryy) between the sections of the
cooling water circuit and the aluminium in the inner portion of the coil, for different

thickness <s> of the conductor in the inner portion of the coil and different values of n,

(0.8 mm) imposes n = 4.1 (see footnote 5), Assuming n =5, with slight corrections to the num-
bers we obtain for the coil the final parameters reported in Table III,

One curirent:turn in the inner portion of the coil comprises 5 conductors in parallel each
4 mm x 4 mm in section with a hole 2,4 mm in dialneter (see Fig. 19). On the sides and radially
outwards the coil is made out the parallel of 25 such conductors (see Fig. 20). The working point
for the heath exchange mechanism in the inner portion of the coil is:

Note 5 - For a rectangular shape (s x4 in section) of the current turn we have the condition
BW <s>h
nz -—d—?-— ~ with d = ¢8> + RW(S > - 2t {t = minimum thickness of the aluminiurm around
) the hole).
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_TABLE I

Main parameters of the toroidal coil for the low momentum region,

Overall dimensions : Length
Max, Radius

Solid angle (4Q/4m)
Number of current turns

Section of each current turn
in the inner conductor
in the side and outer conductors

in each turn in the inner conductor
Diameter of the leads

Ry

Average thickness of the inner cond.

Total weight

Max. magnetic field (at R=0.25 m)

Current density
in the inner conductor
in-the side and outer cond,

~{Device ag in Fig. 10, with the
same precisions)

Momentum resolution at p= 1 GeV/c}

Min, Radius (Ri)

Number of leads for the codling water

1f supplied with a 2 MW power, we have:

Max, magnetic pressure (at R=0.25m)

(90°) 0.064 (0.05Lin Fig. 11)

(40°) 0,031 (0,021 in Fig. 11)

2

1m

0.254 m (Slightly corrected from the value
(0. 25 m) quoted i Table I)

0.91
80 (it was 81 in Table 1I)

4%20 mm? (it was 3.75x19.4 in Table I)
20 x 20 mm

5

2.4 mm

0.23 {originally assumed 0,25)

3.25 mm (originally asstimed 3.0 in Table II)

285 Kg (compare with 360 in Table I)

0.32 T (compare with 0, 65 in Table II)
0.490 Atm (1,85 in Tablel)

77 A/ mm? (52 in Table 1)
15.4 A/ mm?

OEERE T a—

_FIG, 19
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FIG, 20 - One current turn of the toroidal coil (Schematic, not in scale)



- 17 -

x = 42 W/ em? 4T = 28°C at Py = 5 Atm,
X = 42 W/cm? AT = 22°C at Py = 8 Atm,
x = 42 W/cm? AT = 17°C at Py = 16 Atm,

In the external part of the coil the current turns can be collected 5 by 5 in 16 rods compo-
sed of 125 conductors of 4x4 mm? each. Rearranging the conductors in rods 10x200 mm?2 in sec
tion, about 97% of the external surface of the toroid is conipletely transparent to the outgoihg par-
ticles. The momentum resolution obtainable with a 2 MW power supply (assuming for the detection
system the same dimensions and performances as in Fig. 10 and 11) is given in Fig. 21.

Althiough the described coil gives, for the same power, a field which is ~1.7 times weéaker
the the one produced by the coil gketched in Fig. 10, the corresponding momentum resolution for
p-< 3 GeV/c is worse by only 20:40 % (This is because the multiple scattering in the inner conduc
tor (reduced from 10 to 3,25 mm) gives now a much smaller coatribution to the total error in mo
mientum measurement).

In Fig. 22 this momenturn resolution is combined with that forseen for an U-compensated

hadron calotimeter (around 0.25/ yp); to show how effective this light toroid could be if used as
central "pattern recognition device" in a complex apparatus,

| ;
- CRAMBERS INSIDE TOROID

i
-
|
|

T

—o== NEGLIGIBLY THIN |
A/g— © .~ 107 RAD LENGTHS -

il

}
1
i
I

302

200~

H
R

Wty o ' ; T L
: ‘ | 5 plewv/e) | 10 . ..1
1 B I i

T
5 pGev/e), 10

i
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FIG. 21 FIG. 22
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